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Abstract
Characterisation of pathogens below the subspecies or serovar level, i.e.
subtyping, is essential in public health for routine surveillance of pathogens,
outbreak detection and timely confinement of an outbreak. An ideal subtyping
method is rapid, highly discriminative, inexpensive and robust. The classical
subtyping methods for the bacterium Salmonella, a major foodborne pathogen,
are phage typing, multiple-locus variable-number of tandem repeats analysis
(MLVA) and pulsed-field gel electrophoresis (PFGE). Each of these techniques
has however its intrinsic disadvantages.
In the main part of this PhD, a molecular alternative for the subjective phage
typing method was developed. Salmonella enterica subsp. enterica serovar
Typhimurium was taken as a case study, because this is the most frequent
Salmonella serovar in Belgium. In addition, it was shown by a serial passage
experiment that 3 of the 5 the MLVA loci in the S. Typhimurium scheme are
unstable, which especially complicates outbreaks investigations.
For the time-efficiency of the alternative subtyping assay, several molecular
markers had to be combined in a single assay. Therefore, the Luminex technology,
which allows multiplexing by microsphere suspension arrays, was implemented
in the Scientific Institute of Public Health (WIV-ISP) during this PhD research.
The multiplex oligonucleotide ligation-PCR (MOL-PCR) assay technique was
selected for the novel method for subtyping of S. Typhimurium, since this is a
sufficiently fast and relatively inexpensive technique.
The thorough optimisation of the MOL-PCR assay indicated that the DNA
isolation, the probe concentration, the amount of microspheres and the
concentration of reporter dye are the parameters that have a major influence
on the MOL-PCR performance.
The final developed MOL-PCR assay for subtyping of S. Typhimurium and
S. 1,4,[5],12:i:- combines 52 molecular markers, including prophage genes,
amplified fragment length polymorphism (AFLP) elements, Salmonella genomic
island 1 (SGI1), allantoinase gene allB, MLVA locus STTR10, antibiotic
resistance genes, single nucleotide polymorphisms (SNPs) and phase 2 flagellar
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gene fljB. The method proved to have a discriminatory power equal to that of
phage typing and could deliver results in less than 8 hours, making it suitable
for outbreak investigations. Additionally, an R application was created that
allows an objective interpretation of the data and summarises the results in a
MOL-PCR profile.
During this PhD, whole genome sequencing (WGS) has gained the attention
of public health institutes as the ultimate universal subtyping technique for
surveillance of pathogens and for outbreak investigations. As such, this technique
was explored in the second part of this work.
Four issues associated to pathogen surveillance with WGS were elaborated using
data of 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates. The first issue relates
to the workflow to be followed. For a SNP-based workflow, we showed that the
applied tools, the used reference genome and error correction have an impact
on the resulting phylogenetic tree. SNP-based analysis of WGS data proved to
have more discriminatory power than the classical subtyping methods, which
is especially of interest for isolates with frequently occurring subtypes. The
alternative gene-based workflow, also referred to as whole genome multilocus
sequence typing (MLST), could not be explored, as currently there is no whole
genome MLST scheme available for Salmonella. The second issue concerns the
maximum number of SNPs between two isolates before they are regarded as
distinct subtypes. This number was again highly dependent on the applied
tools. Existing web-based tools were used to look into the third and fourth
issue, namely the inference of phenotypic characteristics from WGS data and
the link between historical subtyping data and WGS data, which showed to be
possible, albeit very limited.
As a case study to show the ‘universal’ applicability of WGS, data of
S. Enteritidis isolates related to two outbreaks were used, as for each of these
outbreaks both food and human isolates were available. The WGS analysis
with existing user-friendly tools confirmed the initial outbreak investigation
with classical subtyping methods. In addition, the WGS data analysis could
discriminate between the source of the two outbreaks, which was not possible
with the classical subtyping methods.
To conclude, the developed MOL-PCR assay for S. Typhimurium and
S. 1,4,[5],12:i:- is a multiplex, molecular subtyping method that has the
same discriminatory power as phage typing. For surveillance and outbreak
investigation, WGS can currently be applied to complement the existing
subtyping methods for increased discrimination between isolates. Before WGS
can be implemented as a replacement of the existing subtyping methods, further
optimisation of the data analysis tools is however required.
Samenvatting
Karakterisering van ziekteverwekkers tot onder het subspecies of serovar niveau,
i.e. subtypering, is van essentieel belang in de volksgezondheid voor surveillance
van ziekteverwekkers, detectie van uitbraken en tijdige inperking van uitbraken.
Een ideale subtyperingsmethode is snel, zeer discriminerend, goedkoop en
robuust. De klassieke subtyperingsmethoden voor de Salmonella bacterie, een
belangrijk voedselpathogeen, zijn faagtypering, ‘multiple-locus variable-number
of tandem repeats analysis’ (MLVA) en pulsed-field gelelektroforese (PFGE).
Elk van deze technieken heeft echter zijn inherente nadelen.
De ontwikkeling van een moleculair alternatief voor de subjectieve faagtype-
ringsmethode vormde het voornaamste deel van dit doctoraat. Als casestudy
werd Salmonella enterica subsp. enterica serovar Typhimurium genomen, omdat
dit de meest voorkomende serovar in België is. Bovendien werd door een
overentingsexperiment aangetoond dat 3 van 5 loci in het MLVA-schema
van S. Typhimurium instabiel zijn, wat vooral uitbraakonderzoeken met deze
subtyperingsmethode bemoeilijkt.
Voor een tijdsefficiënte alternatieve subtyperingsmethode moesten meerdere
moleculaire merkers gecombineerd worden in één assay. Daarom werd
tijdens dit doctoraatsonderzoek de Luminex technologie, die multiplexing
mogelijk maakt met microsferen suspensie arrays, geïmplementeerd in het
Wetenschappelijk Instituut Volksgezondheid (WIV-ISP). Als techniek werd de
multiplex oligonucleotide ligatie-PCR (MOL-PCR) geselecteerd, omdat deze
voldoende snel en relatief goedkoop is.
De optimalisatie van de MOL-PCR assay gaf aan dat de manier van isolatie
van het DNA, de hoeveelheid microsferen en de concentratie van de probes
en de reporter kleurstof een grote invloed hadden op de performantie van de
MOL-PCR assay.
In de uiteindelijke MOL-PCR assay voor subtypering van S. Typhimurium
en S. 1,4,[5],12:i:- worden 52 moleculaire merkers gecombineerd, waaronder
profaag genen, ‘amplified fragment length polymorphism’ (AFLP) elementen,
Salmonella genomisch eiland 1 (SGI1), het allantoïnase gen allB, de MLVA
vii
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locus STTR10, antibioticaresistentie genen, ‘single nucleotide polymorphisms’
(SNPs) en fase 2 flagellair gen fljB. De methode bleek hetzelfde discriminerend
vermogen te hebben als faagtypering en resultaten werden bekomen binnen de 8
uren, waardoor deze geschikt is voor uitbraakonderzoek. Bovendien werd een R
applicatie gecreëerd die een objectieve interpretatie van de data toelaat en die
de resultaten samenvat in een MOL-PCR profiel dat uitwisseling van resultaten
vergemakkelijkt.
Tijdens dit doctoraat trok ‘whole genome sequencing’ (WGS) de aandacht van
volksgezondheidsinstituten als ultieme universele subtyperingstechniek voor
surveillance van ziekteverwekkers en uitbraakonderzoeken. Daarom werd deze
techniek verkend in het tweede deel van dit werk.
Vier items in verband met WGS voor surveillance van pathogenen werden
uitgewerkt met data van 32 S. Typhimurium en S. 1,4,[5],12:i:- isolaten.
Betreffende de workflow hebben we aangetoond dat de toegepaste tools,
de gebruikte referentiegenomen en foutcorrectie een effect hebben op de
fylogenetische boom die resulteert uit een op SNPs gebaseerde workflow.
SNP-analyse van WGS data bleek beter te discrimineren dan de klassieke
subtyperingsmethoden, wat interessant is voor isolaten met veelvoorkomende
subtypes. De alternatieve op genen gebaseerde workflow, ook ‘whole genome’
MLST genoemd, kon niet verkend worden, daar er momenteel geen ‘whole
genome’ MLST schema bestaat voor Salmonella. Het tweede item handelt over
het maximaal aantal SNPs tussen twee isolaten alvorens deze als verschillende
subtypes beschouwd worden. Dit aantal was opnieuw sterk afhankelijk van de
gebruikte tools. Bestaande webtoepassingen werden aangewend om meer inzicht
te krijgen in het derde en vierde item, namelijk de afleiding van fenotypische
kenmerken uit WGS data en het verband tussen historische subtyperingsdata
en WGS data. Dit bleek mogelijk, zij het zeer gelimiteerd.
Als casestudy om de ‘universele’ toepasbaarheid van WGS aan te tonen, werden
data van S. Enteritidis isolaten van 2 uitbraken gebruikt, omdat voor beide
uitbraken zowel voedsel- als humane isolaten beschikbaar waren. De WGS
analyse met bestaande gebruiksvriendelijke tools, wat een must is voor een
Nationaal Referentie Laboratorium, bevestigde het initiële uitbraakonderzoek
met klassieke subtyperingsmethoden. Bovendien kon met WGS analyse een
onderscheid gemaakt worden tussen de bron van elk van de uitbraken, wat niet
mogelijk was met de klassieke subtyperingsmethoden.
We kunnen besluiten dat de ontwikkelde MOL-PCR assay voor S. Typhimurium
en S. 1,4,[5],12:i:- een multiplex, moleculaire subtyperingsmethode is die
hetzelfde discriminerend vermogen heeft dan faagtypering. WGS kan momenteel
gebruikt worden als complementaire subtyperingsmethode voor surveillance en
uitbraakonderzoek voor een betere discriminatie tussen isolaten. Vooraleer WGS
kan toegepast worden als vervanging van de bestaande subtyperingsmethoden,
is echter verdere optimalisatie van de data analyse vereist.
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1.1 Subtyping for public health
Infectious diseases, whether caused by bacteria, viruses, fungi or parasites, pose
a major healthcare concern and are therefore surveyed, including in Belgium, by
National Reference Laboratories and Centres, which are part of an international
network through the European Centre for Disease Prevention and Control
(ECDC) and the World Health Organization (WHO). The primary missions of
the National Reference Laboratories and Centres are the diagnosis of pathogens,
routine surveillance to study the incidence and dissemination of pathogens over
time and epidemiological studies for fast detection of outbreaks and tracing their
source. A second important task is monitoring of antimicrobial susceptibility
to assist treatment of the infection, to determine resistance mechanisms to
existing antimicrobials or to investigate new therapeutic molecules. Other
responsibilities are conducting scientific research e.g. for improving diagnostic
tests or prevention and treatment methods, concentration and sharing of
expertise e.g. by publications or participations in scientific conferences, and
maintaining a collection of interesting strains.
For routine surveillance and detection and trace-back of outbreaks, pathogens
have to be characterised at a level suitable for fingerprinting the strain, which
means for most pathogens that subtyping, i.e. characterisation below the
subspecies or serovar level, is required. Ideally, such a subtyping method is
rapid, inexpensive, sufficiently discriminative, robust, easily implemented and
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standardised, universally applicable for a wide range of pathogens, and resulting
in objective data which are convenient for interpretation and transfer between
different laboratories (Wattiau et al. 2011; Sabat et al. 2013).
1.1.1 The foodborne pathogen Salmonella
Salmonella is a Gram-negative, motile, rod-shaped enterobacterium. The
genus Salmonella includes two species: S. enterica and S. bongori. Based on
biochemical characteristics, six subspecies can be distinguished in S. enterica,
i.e. enterica, salamae, arizonae, diarizonae, houtenae and indica. Through a
technique called serotyping, Salmonella is divided in different serovars based
on the determination of their somatic O and flagellar H antigens present
on the surface of the bacteria. Serotyping is performed by adding specific
antisera to a bacterial suspension and examining the presence or absence of an
agglutination reaction. The specific antigenic formula of each serovar is reported
as O antigens : phase 1 flagellar H antigens : phase 2 flagellar H antigens. E.g.,
Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) has
the antigenic formula 1,4,[5],12:i:1,2, thus 1,4,[5],12 as O antigens, i as phase 1
flagellar H antigen and 1,2 as phase 2 flagellar H antigens. The underlined
O antigen indicates that antigen 1 is determined by phage conversion, which
means the antigen is only presented after lysogenic conversion of the Salmonella
culture by the corresponding converting bacteriophage. The square brackets
designate that antigen 5 can be present or absent in serovar Typhimurium.
Besides O and H antigens, capsular antigen Vi is interestingly for diagnostics, as
it gives an indication of the virulence of the isolate. The Vi antigen is generally
presented by Salmonella enterica subsp. enterica serovar Typhi (S. Typhi),
which causes, possible life-threatening, typhoid fever, but is also observed in
serovars Paratyphi C and Dublin (Le Minor and Richard 1993; Morris et al.
2003; Grimont and Weill 2007; Gunn et al. 2014). According to supplement no.
48 to the White-Kauffmann-Le Minor scheme (Issenhuth-Jeanjean et al. 2014),
the genus Salmonella is subdivided into a total of 2659 serovars, of which 1586
serovars reside in the subspecies enterica.
Salmonella is the second most commonly reported cause of zoonosis and
the principal causal agent of foodborne outbreaks in Europe. Outbreaks
related to consumption of eggs, pork, beef and poultry meat are frequently
described (European Food Safety Authority (EFSA) and European Centre for
Disease Prevention and Control (ECDC) 2015). Human Salmonella infection or
salmonellosis leads in most cases to self-limiting gastroenteritis, with symptoms
of diarrhoea and vomiting, but more serious bacteremia with presence of
Salmonella in the blood stream and severe enteric fever have to be treated with
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antibiotics (Pui et al. 2011). The infective dose of Salmonella is estimated to
range from less than 10 organisms for S. Typhimurium up to 106 organisms
for Salmonella enterica subsp. enterica serovar Cubana (Cruickshank and
Humphrey 1987). After an acute Salmonella infection, a small portion of the
patients (< 5%) fails to clear the infection completely from their body and move
to an asymptomatic Salmonella carrier-state. Chronic human carriers may
have Salmonella present in their stool for more than 55 days and for S. Typhi,
this period may be more than one year. Chronic carriage of Salmonella after
acute salmonellosis is mostly observed with people with a weak immunity
system and children, but also otherwise healthy persons have been reported as
asymptomatic carriers. In addition, an asymptomatic carrier state has also been
reported for people which have not experienced an acute Salmonella infection,
but which are regularly exposed to animals, such as livestock, poultry and pets
(Buchwald and Blaser 1984; Kotova et al. 1988; Levine and Robins-Browne
2012; Gunn et al. 2014). Estimations of numbers of excreted Salmonella from
human carriers range from 102–103 organisms per gram of stool for adults up to
106–107 organisms per gram of stool for children (Cruickshank and Humphrey
1987).
1.1.2 Isolation of Salmonella from human samples and food
samples
In Belgium, clinical laboratories isolate Salmonella from human samples and
then send the pure isolate to the National Reference Centre for Salmonella and
Shigella (NRCSS) on a voluntary basis. Most of the Salmonella isolated from
human samples is cultured from stool, but Salmonella may also be isolated
from blood, urine, pus, sputum or other body fluids (Bertrand et al. 2014).
Microbiological examination of food samples is performed by the National
Reference Laboratory. Food samples may be, amongst others, eggs, egg-
containing products, meat, milk, vegetables, fruit, spices, food additives or
candy (U.S. Food and Drug Administration (FDA) 2015a).
Detection and isolation of Salmonella from human stool For detection and
isolation of Salmonella, at least 5 ml, 1 g or a walnut-sized portion of stool,
preferably not contaminated with urine, is required. Swabs of the stool sample
are then used to inoculate differential and selective agar media which are based
on lactose-fermenting and hydrogen sulphide production, such as MacConkey
(MAC) agar, hektoen enteric (HEK) agar, xylose-lysine-deoxylate (XLD) agar
and Salmonella-Shigella agar, or an enrichment broth, such as selenite-F or
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gram-negative broth. The agar media and selenite-F broth are incubated for 24
hours at 35–37℃, gram-negative broth is incubated for 6–8 hours at 35–37℃.
From an enrichment broth, a subculture is made on MAC and HEK or XLD
agar. After incubation of the agar plates, the morphology of the colonies is
examined for typical reactions of Salmonella. Salmonella colonies are colourless
or transparent on MAC and on Salmonella-Shigella agar, blue or green on HEK
agar and red on XLD agar. The colonies may have black centres on Salmonella-
Shigella, HEK and XLD agar. One colony with a morphology that suggests
a Salmonella species is subcultured on Kligler Iron agar for confirmation and
further confirmatory biochemical and agglutination tests (York and Rodrigues-
Wong 2010).
Detection and isolation of Salmonella from food The general procedure to
detect and isolate bacterial species from food samples consists of an enrichment
step, an isolation step and ends with confirmation of the isolated bacterial
species.
For detection and isolation of Salmonella, the enrichment step includes a non-
selective pre-enrichment and a selective enrichment phase. Pre-enrichment
occurs by homogenising 25 g or 25 ml of the food sample in 225 ml buffered
peptone water and incubating the suspension for 16–18 hours at 37℃. For
subsequent selective enrichment, 0.1 ml of the pre-enriched sample is added to
10 ml of Rappaport-Vassiliadis with soja broth, which is incubated for 24 hours
at 41.5℃, and 1 ml of the pre-enriched sample is added to 10 ml of Muller-
Kauffmann tetrathionate broth, which is incubated for 24 hours at 37℃. After
incubation, a full inoculation loop of each enrichment is inoculated on selective
XLD agar and Salmonella ID2 agar. After incubation for 24 hours at 37℃,
one colony of each plate is subcultured on Kligler Iron agar for confirmation
and further confirmatory biochemical, agglutination and Maldi-TOF mass
spectometry tests. If the picked colony is negative on Kligler Iron agar, 4 other
colonies are subcultured from the selective XLD agar and Salmonella ID2 agar
plates (Botteldoorn 2015).
1.1.3 Subtyping of Salmonella
In 2013, the Belgian NRCSS received 2874 human Salmonella isolates, of
which 94.1% were cultured from stool. Of these isolates, 54.1% was serotyped
as S. Typhimurium and its monophasic variant Salmonella enterica subsp.
enterica serovar 1,4,[5],12:i:- (S. 1,4,[5],12:i:-), which lacks phase 2 flagellar
H antigens, and 20.0% as Salmonella enterica subsp. enterica serovar Enteritidis
(S. Enteritidis) (Bertrand et al. 2014). These serovars are also most reported
for human salmonelloses in Europe, although S. Enteritidis represents here
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Table 1.1: Overview of main advantages and disadvantages of Salmonella
subtyping methods used by the Belgian NRCSS.
Phage typing MLVA PFGE
+ Inexpensive + Rapid + Medium
discriminativea





− High level of expertise
required









− NT and RDNC strains − Data analysis with
commercial software
− Data analysis with
commercial software
− Too discriminative for
S. Typhimurium
MLVA: multiple-locus variable-number of tandem repeats analysis; NT: not-typable; PFGE:
pulsed-field gel electrophoresis; RDNC: reacts-but-does-not-conform.
aSerovar dependent, e.g. not enough discriminative for S. Enteritidis.
39.5% of the 73627 human cases for which serotyping data were available and
S. Typhimurium and S. 1,4,[5],12:i:- 28.8% (data from 2013) (European Food
Safety Authority (EFSA) and European Centre for Disease Prevention and
Control (ECDC) 2015).
Due to the high incidence of these serovars, subtyping techniques which allow
discrimination below the serovar level are indispensable for routine surveillance,
for detection of outbreaks and for finding and confirming the source of an
outbreak. The ECDC supports currently multiple-locus variable-number of
tandem repeats analysis (MLVA) and pulsed-field gel electrophoresis (PFGE)
for characterisation of S. Typhimurium, S. 1,4,[5],12:i:- and S. Enteritidis, but
not all European laboratories apply these techniques as routine subtyping
methods. Indeed, the Belgian NRCSS uses phage typing and MLVA for routine
characterisation of S. Typhimurium, S. 1,4,[5],12:i:- and S. Enteritidis, and,
in case of outbreak situations, PFGE is additionally performed. The main
advantages and disadvantages of these subtyping methods are summarised in
Table 1.1.
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Phage typing Phage typing is a classical, inexpensive and simple phenotypic
subtyping method based on the host specificity of bacteriophages (Anderson et al.
1977; Threlfall and Frost 1990). A predefined set of bacteriophages is added to a
culture of the Salmonella isolate to be characterised on a solid medium and after
incubation, the lysis reactions are examined (Figure 1.1). Distinguishing between
different types of lysis reactions requires extensive expertise (Figure 1.2) and
even then the results remain subjective. This was illustrated by a Scandinavian
outbreak investigation, in which the S. Typhimurium outbreak strain was
reported to belong to phage type U288 in Denmark, U302 in Sweden and reacts-
but-does-not-conform (RDNC) in Norway (Bruun et al. 2009). RDNC and
not-typable (NT) isolates are the result of the limited number of bacteriophages
that are applied (Wattiau et al. 2011). RDNC isolates give lysis reactions
with the bacteriophages, but these reactions do not match any of the patterns
that define a certain phage type. NT isolates do not react with any of the
bacteriophages.
Multiple-locus variable-number of tandem repeats analysis With MLVA the
genetic relatedness between isolates is assessed through rapidly evolving genomic
loci called tandem repeats (TRs). For S. Typhimurium and S. Enteritidis, five of
such loci are amplified in a multiplex PCR (mPCR) with fluorescently labelled
primers. The number of repeats is then determined by estimating the length
of the amplicons through capillary electrophoresis, which gives MLVA profiles
displayed as a sequence of five numbers (Figure 1.3). Standardised MLVA
schemes are available for S. Typhimurium and S. Enteritidis (Lindstedt et al.
2004; Hopkins et al. 2011) and these allow fast subtyping, but a major concern
for S. Typhimurium is the stability of these MLVA loci (Wuyts et al. 2013;
Dimovski et al. 2014), which hampers tracing of outbreaks (Petersen et al. 2011;
Friesema et al. 2012; Garvey et al. 2013; Kuhn et al. 2013; Paranthaman et al.
2013).
Pulse-field gel electrophoresis PFGE is related to the restriction fragment
length polymorphism (RFLP) technique and is considered as the gold standard
for subtyping of Salmonella. A rare cutting restriction enzyme is used to digest
the genomic DNA of the isolate, after which the large DNA fragments are
separated by gel electrophoresis with a constantly changing electrical field. As
it is important to keep the large DNA fragments intact, a culture of the isolate
is captured into an agarose plug and extraction and subsequent digestion of the
genomic DNA is performed inside this plug, which can be readily loaded into
an agarose gel (Peters 2009). Photos of the gels are processed with specialised
software, such as BioNumerics (Applied Maths) (Figure 1.4), and by comparison
with the international PulseNet database (PulseNet International 2015b), a
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Figure 1.1: Phage typing. A set of bacteriophages is applied to a lawn of




































Figure 1.3: Schematic representation of multiple-locus variable-number of
tandem repeats analysis for a S. Typhimurium isolate with profile 3-5-2-4-402.
Locus STTR3 is a combination of two repeats of length 27 bp and 33 bp.
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Figure 1.4: Example of processed pulsed-field gel electrophoresis patterns.
PFGE pattern can be assigned. However, a comprehensive standardisation is
required for such interlaboratory comparison of PFGE patterns (Hunter et al.
2005; Ribot et al. 2006). PFGE is not routinely applied in the Belgian NRCSS
for subtyping of Salmonella, because it is a labour-intensive and time-consuming
protocol.
Other Salmonella subtyping methods Next to phage typing, MLVA and
PFGE, also multilocus sequence typing (MLST) and clustered regularly
interspaced short palindromic repeats (CRISPRs) are often reported in literature
for subtyping of Salmonella.
In MLST, depending on the particular scheme used, a set of mostly seven
housekeeping, virulence, fimbrial or flagellar genes or CRISPR loci, are amplified
by PCR and Sanger sequenced. By comparison of the sequences of each locus
to an allele database, a sequence type (ST) is assigned (Figure 1.5). A sequence
type is a unique, arbitrary number that is associated to an allelic profile, i.e. a
specific combination of sequences. The high cost, the prolonged protocol and
the limited discriminatory power of this method preclude implementation of
MLST for characterisation of Salmonella in routine laboratories (Wattiau et al.
2011; Sabat et al. 2013).
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aroC dnaN hemD hisD purE sucA thrA
Database with alleles of 7 housekeeping genes
Isolate A with ST-19
G               TTC      G         A                T                 T GG        C              GAG
aroC-10 dnaN-7 hemD-12 hisD-9 purE-5 sucA-9 thrA-2
Isolate B with ST-34
G               TCA      G         A                T                 T GG        C              GAG
aroC-10 dnaN-19 hemD-12 hisD-9 purE-5 sucA-9 thrA-2
Figure 1.5: Multilocus sequence typing (MLST) for Salmonella enterica. Seven
housekeeping genes (distributed around the genome) are amplified by PCR and
Sanger sequenced. The sequences are compared to an allele database to assign
a sequence type (ST) to the isolate.
For subtyping of S. Typhimurium, the spacers in two CRISPR loci are
determined in a Luminex-based assay called CRISPOL (for CRISPR poly-
morphism) (Figure 1.6). First, the spacer content of the two loci is amplified
by PCR. Subsequently, the spacers are identified by specific probes in a direct
hybridisation assay (Fabre et al. 2012). The latter assay is elaborated in
section 1.2.1. The CRISPOL assay is a fast technique, but has the disadvantages
that it demands further refinement for genetically homogeneous populations
such as S. Typhimurium phage type DT104, and that is has been patented by
the French Pasteur Institute (Weill et al. 2008). As such, the technique has not
yet been implemented as routine subtyping method for S. Typhimurium outside
France.
In addition to the CRISPOL assay, also Fang et al. (2012) have applied the
Luminex technology for subtyping of S. Typhimurium. In this assay, 30 prophage-
related markers are amplified in 2 separate 15-plex PCRs, after which the
amplicons are analysed in a direct hybridisation assay.
Quantitative interpretation of subtyping For interpretation of the discrimi-
natory power of subtyping methods, Simpson’s index of diversity (D) (Hunter
and Gaston 1988) and Shannon’s indices of diversity (H ′) and equitability (E)
(Shannon 1948) are frequently reported in literature.
Simpson’s index of diversity (D) gives the probability that two randomly
sampled isolates from the test population will be assigned different subtypes
and is calculated with equation 1.1 where N is the total number of isolates
in the test population, S is the total number of different subtypes in the test
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Figure 1.6: Clustered regularly interspaced short palindromic repeats (CRISPR)
polymorphism (CRISPOL) typing. The spacers (coloured blocks) of two
CRISPR loci are identified by probes, which are specific to a certain spacer, in
a Luminex direct hybridisation assay (adapted from Fabre et al. (2012)).
population and nj is the number of isolates from the test population that belong
to subtype j.




nj(nj − 1) (1.1)
Shannon’s index of diversity (H ′) is an indicator for subtype richness and is
calculated with equation 1.2, where S is the total number of different subtypes
in the test population and pi is the proportion of isolates, relative to the test
population, that belong to subtype i. Shannon’s index of equitability (E), which
is calculated with equation 1.3, measures the evenness of the distribution of the
different subtypes in the test population.
H ′ = −
S∑
i=1




In chapters 2 and 4, it is shown and discussed that these indices are not
always appropriate for interpretation of the discriminatory power of a subtyping
method.
1.1.4 Antimicrobial susceptibility
Besides the above described subtyping methods, antimicrobial susceptibility
testing is used for additional characterisation of Salmonella isolates and detects
resistances against a predefined set of antibiotics. Techniques that are commonly
used for Salmonella are the disk diffusion test and the broth microdilution test
(Humphries and Schuetz 2015).
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Figure 1.7: Disk diffusion test (Jorgensen and Ferraro 2009). Paper disk
impregnated with antibiotics are placed on a lawn of bacterial culture. After
incubation, the diameter of the growth inhibition zone around each disk is
measured to determine the sensitivity of the bacterial isolate to the antibiotic.
Disk diffusion test For the disk diffusion test, a solid agar medium is first
inoculated with a lawn of bacterial culture of the isolate to be characterised.
Subsequently, commercial paper disks that are impregnated with a certain
antibiotic at a defined concentration are deposited on the inoculated surface
of the agar medium. After incubation of the agar plate for 18–24 hours
at 35–37℃, the diameters of the growth inhibition zone around each disk
(Figure 1.7) are measured (Jorgensen and Ferraro 2009). These diameters
allow determination of the sensitivity of the isolate to each of the antibiotics
in the paper disks by interpretation according to the criteria of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) and of the
Clinical and Laboratory Standards Institute (CLSI) (Clinical and Laboratory
Standards Institute (CLSI) 2015; European Committee on Antimicrobial
Susceptibility Testing (EUCAST) 2015a).
Broth microdilution test Commercial microtiter plates filled with gradient
amounts of different antibiotics are used the broth microdilution test. An
example of the layout of such commercial microtiter plate is shown in Figure 1.8.
To each well this microtiter plate, a predefined volume of a bacterial culture at a
certain turbidity is added, after which the plate is covered and incubated at 37℃
for 20–24 hours. The plate is then read out, often with an automated system,
to determine the minimal inhibitory concentration (MIC) for these antibiotics
by examining if bacterial growth is present in each of the wells. The MIC
is defined as the lowest concentration of an antibiotic that prevents bacterial
growth (Jorgensen and Ferraro 2009). The observed MICs are then compared to
epidemiological cut-off values provided by the European Commission (2013) and
the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
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Plate Code:
1 2 3 4 5 6 7 8 9 10 11 12 ANTIMICROBICS
A Ami A/S Faz Cep Etp G P/T4 Sxt Taz Tgc Axo T AMI Amikacin
64 32/16 32 16 16 16 128/4 4/76 32 8 64 16 AMP Ampicillin
B Ami A/S Faz Cep Etp G P/T4 Sxt Taz Tgc Axo T A/S Ampicillin/sulbactam
32 16/8 16 8 8 8 64/4 2/38 16 4 32 8 AZT Aztreonam
C Ami A/S Faz Cep Etp G P/T4 Sxt Taz Tgc Axo T FAZ Cefazolin
16 8/4 8 4 4 4 32/4 1/19 8 2 16 4 FEP Cefepime
D Ami A/S Faz Cep Etp G P/T4 Sxt Taz Tgc Axo T CEP Cephalothin
8 4/2 4 2 2 2 16/4 0.5/9.5 4 1 8 2 MERO Meropenem
E A Azt Fep Mero Fur Cip Fox Pod Taz Tim2 Axo T ETP Ertapenem
32 32 32 8 32 4 32 16 2 64/2 4 1 FUR Cefuroxime
F A Azt Fep Mero Fur Cip Fox Pod Taz Tim2 Axo T GEN Gentamicin
16 16 16 4 16 2 16 8 1 32/2 2 0.5 CIP Ciprofloxacin
G A Azt Fep Mero Fur Cip Fox Pod Tob Tim2 Axo NEG P/T4 Piperacillin / tazobactam constant 4
8 8 8 2 8 1 8 4 8 16/2 1 CON FOX Cefoxitin
H A Azt Fep Mero Fur Cip Fox Pod Tob POS POS POS SXT Trimethoprim / sulfamethoxazole









SENSITITRE™ GRAM NEGATIVE PLATE FORMAT
GN3F
Figure 1.8: Plate layout of a Sensititre plate for the broth microdilution
antimicrobial susceptibility testing. The numbers denote the concentration
of the respective antibiotic if 50 µl of a bacterial culture is added to each well
(adapted from Thermo Fisher Scientific (2015)).
A/S: ampicilin/sulbactam; A: ampicilin; Ami: amikacin; Axo: ceftriaxone; Azt: aztreonam;
Cep: cephalothin; Cip: ciprofloxacin; Etp: ertapenem; Faz: cefazolin; Fep: cefepime; Fox:
cefoxitin; Fur: cefuroxime; G: gentamicin; Mero: meropenem; NEG CON: negative control;
P/T4: piperacillin/tazobactam constant 4; Pod: cefpodoxime; POS CON: positive control;
Sxt: trimethoprim/sulfamethoxazole; T: tetracycline; Taz: ceftazidime; Tgc: tigecycline;
Tim2: ticarcillin/clavulanic acid constant 2; Tob: tobramycin.
(2015b) to determine the sensitivity of the bacterial isolate to the respective
antibiotic.
1.2 Luminex technology
The Luminex technology, which emerged in 1999 with the launch of the first
Luminex 100 platform, allows multiplexing with liquid bead-suspension arrays.
The beads in these arrays are polystyrene microspheres with a diameter of
5.6 to 6.5 µm and which are divided into different spectral sets or regions by
colouring them with distinct combinations of red, infra-red and orange-red dyes.
These unique spectral addresses enable a Luminex instrument to categorise each
microsphere individually in a mixture of microspheres of different regions. As
to each of these microsphere regions a particular marker can be associated, a
Luminex instrument distinguishes these markers in a multiplex bead-suspension


















Figure 1.9: Read-out of liquid bead-suspension array with LEDs and CCD










Figure 1.10: Flow cytometry-based read-out of liquid bead-suspension array
(adapted from Luminex).
markers in a sample is detected by incorporating a green fluorescent label in
the target analytes. The read-out of a multiplex bead-suspension array is thus
basically a measurement of the red signal of the microsphere and the green
signal of the target. The red signal identifies the microsphere region and thus
the marker, presence or absence of the green signal indicates presence or absence
of the target in the sample. The analysis of a bead-suspension array is done
with LEDs and a CCD camera in the MAGPIX instrument (Figure 1.9) and
with lasers in the flow cytometry-based Luminex 100/200 and FLEXMAP 3D
instruments (Figure 1.10). The MAGPIX allows multiplexing up to 50, the
Luminex 100/200 up to 100 and with the FLEXMAP 3D 500-plex assays can
be analysed.
As modified oligonucleotides, proteins or other small molecules can be coupled
to the microspheres, the Luminex technology allows both genomic and protein
applications, such as sequence detection, single nucleotide polymorphism (SNP)
typing, gene expression, microRNA analysis, ELISA and enzyme immunoassays.
This introduction only discusses DNA assays, which are implemented through the
Luminex xMAP or xTAG technology. An overview of the main characteristics
of the different DNA assays are presented in Table 1.2.













































































































































































































































































































































































































































































































































































































































































1.2.1 Luminex xMAP technology
The Luminex xMAP technology is based on target-specific probes which are
coupled to either MagPlex microspheres or MicroPlex microspheres and which
are used in a direct hybridisation assay. MagPlex microspheres are magnetic
and can be used on all Luminex instruments, including MAGPIX, while the
non-magnetic MicroPlex microspheres cannot be analysed on a MAGPIX system.
Through a 5’ amino modifier, the target-specific probes are covalently coupled
to the carboxylated surface of the Magplex or MicroPlex microspheres. In case
of SNP typing, the SNP should be located in the middle of the target-specific
probe.
In general, a direct hybridisation assay (Figure 1.11) starts with a mPCR
in which one of the primers in each primer pair is labelled with biotin or a
fluorophore. Subsequently, the amplicons are hybridised to the target-specific
probes on the microspheres and, after an incubation with streptavidin-R-
phycoerythrin (SAPE) in case of biotinylated primers, read out on a Luminex
system. The multiplex limiting factors in a direct hybridisation assay are
the mPCR and the target-specific probes. These primers and probes have
to be designed so that they do not cross hybridise and so that they have
the same melting temperature (Tm), in order to allow annealing in PCR or
hybridisation of the different mPCR amplicons to the probes at one temperature.
If toxic tetramethylammonium chloride (TMAC) buffer is used in the direct
hybridisation assay, only the length of the target-specific probes is important for
the Tm. Indeed, TMAC stabilises the hydrogen bond between A-T base pairs
and as such raises their Tm to that of G-C base pairs (Melchior and Von Hippel
1973), allowing a single, uniform temperature for hybridisation of the mPCR
amplicons to the probes coupled to the microspheres.
1.2.2 Luminex xTAG technology
The basis of the Luminex xTAG technology are MagPlex-TAG microspheres,
which are pre-coupled with anti-TAGs. Each microsphere region is associated
with a unique anti-TAG. These anti-TAGs are 24 bp oligonucleotides with
minimal cross hybridisation (no C, only T, A and G) and they all hybridise with
their complementary TAG at 37℃. Hence, this TAG has to be incorporated
in the target oligonucleotide through the Luminex assay, of which the most
common are discussed below.
Allele-specific primer extension Allele-specific primer extension (ASPE)
(Figure 1.12) makes use of an ASPE primer, which consists of a 5’ TAG
sequence, which is unique for each allele-specific sequence at 3’. For SNP
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Figure 1.11: Schematic overview of a Luminex direct hybridisation assay.
mPCR: multiplex PCR; SAPE: streptavidin-R-phycoerythrin.
typing, the SNP has to be the 3’ base of the ASPE primer. ASPE starts with
amplification of the target in the genomic DNA by mPCR. The mPCR product
then undergoes a clean-up with ExoSAP-IT reagent to inactivate dNTPs and
remove excess primers. Next, ASPE primers anneal to the mPCR amplicons
and are elongated by a DNA polymerase with integration of biotin-labelled
dCTPs. This elongation only occurs when the 3’ base in the ASPE primer is
complementary to the target, which makes SNP typing possible. Through the
TAG in the ASPE primer, the elongated products are hybridised to the anti-
TAG on MagPlex microspheres, which are analysed on a Luminex instrument
after incubation with SAPE (Angeloni et al. 2014). The multiplexing capacity
in this assay format is mainly limited by the mPCR. The ExoSAP-IT treatment
of the mPCR products make ASPE a relatively expensive assay.
Oligo ligation assay In an oligo ligation assay (OLA) (Figure 1.13) two probes
are used: an upstream OLA-TAG probe which is similar to an ASPE primer and
a downstream OLA reporter probe consisting of a target-specific sequence with a
3’ biotin. As in ASPE, the target regions in the genomic DNA are first amplified
in a mPCR. Subsequently, the OLA-TAG and the OLA reporter probes are
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Figure 1.12: Schematic overview of a Luminex allele-specific primer extension
(ASPE) assay.
dCTP: deoxycytidine triphosphate; mPCR: multiplex PCR; SAPE: streptavidin-R-
phycoerythrin.
base pairs flanking the ligation site, the two probes are ligated by a DNA ligase
and the biotin label is linked to the target-specific TAG. Analysis on a Luminex
instrument is performed after hybridisation to MagPlex-TAG microspheres and
incubation with SAPE (Angeloni et al. 2014). Again, the multiplexing capacity
in this assay format is mainly limited by the mPCR.
Multiplex oligonucleotide ligation-PCR Multiplex oligonucleotide ligation-
PCR (MOL-PCR) utilises two probes for detection of the target: an upstream
probe including a 5’ universal primer site (e.g. T7), an internal anti-TAG, which
is unique for each target, and a 3’ target-specific sequence; and a downstream
probe consisting of a 5’ target-specific sequence and a 3’ universal primer site (e.g.
T3). In contrast to ASPE and OLA, the first step in MOL-PCR (Figure 1.14)
is a multiplex ligation, in which the upstream and downstream probes are
ligated by a DNA ligase, under the severe constraint of complementarity of
the base pairs next to the ligation site. Ligated probe pairs form a PCR
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Figure 1.13: Schematic overview of a Luminex oligo ligation assay (OLA).
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Figure 1.14: Schematic overview of a Luminex multiplex oligonucleotide ligation-
PCR (MOL-PCR) assay.
SAPE: streptavidin-R-phycoerythrin.
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template and are amplified in the succeeding singleplex PCR with the universal
primer pair. One of the primers is biotinylated for later read-out on a Luminex
instrument, after hybridisation to MagPlex-TAG microspheres and incubation
with SAPE (Deshpande et al. 2010; Stucki et al. 2012; Thierry et al. 2013).
As the multiplexing step in this assay is a ligation instead of a mPCR, higher
multiplexing is possible with MOL-PCR than in assays with mPCR. Also, as
only one primer is labelled with biotin, MOL-PCR is less expensive than ASPE
or OLA.
1.3 Whole genome sequencing as subtyping stan-
dard for public health
Along with the studied pathogens, also subtyping techniques have evolved over
the past decades. Classical phenotypic methods as phage typing are being,
or have already been, abandoned and are replaced by molecular assays which
have shown their additional value for surveillance and outbreak investigations,
because of their improved capabilities to examine relationships between different
isolates of the same pathogen. Currently, a next evolution is ongoing, which
might take subtyping to the ultimate level of discriminatory power and universal
applicability: whole genome sequencing (WGS).
WGS is the determination of the complete DNA sequence of an isolate by high-
throughput sequencing, which permits WGS data of a pathogen to be available in
a couple of hours up to several days, depending on the sequencing platform. This
contrasts to the initial Sanger dideoxy chain termination sequencing method, by
which it took several months to complete a typical pathogen genome. However,
unlike a Sanger closed genome, WGS data do not constitute the entire DNA
sequence of the isolate (often only about 90% of the genome), mostly because
the short reads produced by high-throughput sequencing platforms do not allow
resolving sequence repeats, which thus result as gaps in the genome (Sabat et al.
2013).
Nowadays, WGS is mostly applied for retrospective studies of outbreaks or of
pathogen collections to extract informative data that may be useful for future
routine implementation of WGS for outbreak detection and surveillance, since
as such a baseline of expected diversity for a particular pathogen population
is established (Gilmour et al. 2013; Ashton et al. 2015). This observation
illustrates that no longer sequencing itself is an issue, as next generation
sequencing (NGS) platforms are available which are suitable for different types
of routine laboratories, although the time needed for generation of the sequence
reads and the cost of this data generation may not yet be adapted to all routine
laboratories. The real issue now is the analysis of the WGS data and how they
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can be translated into relevant information for public health.
In this section, an overview of the preparatory work before sequencing is given,
the main high-throughput sequencing platforms are discussed, after which the
issue of data analysis is elaborated from the view of WGS for subtyping of
bacterial pathogens.
1.3.1 Preparation of samples for high-throughput sequencing
WGS starts with a fresh culture of the pathogen from which the genomic
DNA is isolated, usually with a commercial kit to have sufficiently pure and
concentrated DNA. This first step may already be problematic for some difficult
to grow pathogens. Then, a sequencing library is prepared by mechanically or
enzymatically fragmenting the isolated DNA, repairing the ends and ligating
adaptors. There are also library preparation kits available, such as the Illumina
Nextera kit, that do the fragmenting and adaptor ligation in one step for fast
sequencing library preparation (Loman et al. 2012). The library preparation
will determine the length of the DNA fragments that are sequenced. With the
adaptors, the fragmented DNA is immobilised on a solid surface, after which the
library is amplified by PCR to increase the signal of the following sequencing
step (Di Bella et al. 2013).
In paired-end sequencing the DNA fragments are sequenced from each end. In
contrast to paired-end sequencing, mate pair sequencing requires an additional
library preparation step. For a mate pair library, the fragmented DNA, typically
at a size of several kb, is repaired with labelled dNTPs, after which the DNA
fragments are circularised and fragmented again. The labelled fragments are
selected and again end repaired, after which adaptors for paired-end sequencing
are ligated. A mate pair library thus includes short DNA fragments composed
of two fragments that were initially separated by several kb. This information
is valuable in de novo assembly, since it can locate reads in the genome (Loman
et al. 2012; Illumina 2015b; Illumina 2015d).
1.3.2 High-throughput sequencing platforms for WGS
The currently available high-throughput sequencing platforms are based on
sequencing by synthesis, but each platform has its specific sequencing chemistry,
with its intrinsic read length and error rate. Within the different platforms, there
is a distinction between the large high-end instruments which are designed for
a massive throughput and which generate more output than the less expensive
benchtop instruments, which have shorter run time and which focus more at
small genomes in moderate throughput (Loman et al. 2012; Di Bella et al. 2013).
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The requirement of a library preparation, which may introduce a PCR bias
through the DNA amplification step, sets apart the second generation sequencing,
also known as NGS, techniques and the third generation sequencing techniques,
commonly referred to as high-throughput sequencing techniques.
Roche 454 GenomeSequencer The Roche 454 GenomeSequencer uses
pyrosequencing, in which the incorporation of a dNTP by a DNA polymerase
releases a pyrophosphate and hydrogen ions. In each sequencing cycle, a single
type of dNTP is surged over the surface on which the amplified library is attached.
By determining the amount of present pyrophosphate through an enzymatic
reaction which releases light, the order and number of the incorporated dNTPs
is recorded. Roche 454 has the advantages of producing long reads of 700–800
bp in a 1 day runtime, but has a high reagent cost and gives a high error rate,
especially in homopolymer regions (Loman et al. 2012). Roche 454 sequencing
platforms are planned to be discontinued by mid-2016.
Illumina The Illumina technology utilises reversible terminator nucleotides,
which are fluorescently labelled depending on the base. All four of these
nucleotides are run over the flow cell and when a nucleotide is incorporated,
its fluorescent signal is recorded and then quenched. Subsequently, the
protection that prevented incorporation of the next nucleotide (the terminator)
is inactivated and the next sequencing cycle starts (Loman et al. 2012). The
Illumina technology has an estimated error rate of 1/1000 sequenced bases, of
which most errors are substitutions (Ross et al. 2013). The high-end Illumina
HiSeq 2000 and HiSeq 2500 have typical short read lengths of 36–100 bp
and paired-end runs take 2.5 to 11 days, but they can handle a very high-
throughput at a lower cost (Di Bella et al. 2013; Illumina 2014; Illumina 2015a).
The benchtop MiSeq produces reads of length 36–300 bp in 4 to 56 hours,
respectively (Illumina 2015c). At the moment, Illumina is the leading platform
for high-throughput WGS, despite the long run times (European Food Safety
Authority (EFSA) 2014).
Ion Torrent The Ion Torrent platform uses essentially the same chemistry
as the 454, but instead of registering released light, it detects the released
hydrogen ions through the change in pH with semiconductor technology. The
PGM platform produces reads up to 400 bp and a single-end run takes 8
hours. The disadvantage of the Ion Torrent platform is the high error rate in
homopolymer stretches, which is estimated at 1/100 positions (Loman et al.
2012; Ross et al. 2013).
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Pacific Biosciences (PacBio) PacBio introduced single molecule real time
(SMRT) sequencing. Here, a highly productive DNA polymerase is attached to
the solid surface of a SMRT cell and captures a DNA strand to be sequenced. A
mixture of fluorescently labelled dNTPs is constantly flown over the SMRT cell
and when a dNTP is incorporated, the fluorescent signal is recorded, after which
the fluorophore is released and a next dNTP can be incorporated (Loman et al.
2012). The advantages of the PacBio platform are the enormous read lengths up
to 14 kb and as no PCR amplification step is required during sample preparation,
also epigenetic data, such as DNA methylation, can be obtained. However,
PacBio sequencing is not being used currently for routine WGS, because of its
high cost and error rate of about 1/10 sequenced bases (Di Bella et al. 2013;
Ross et al. 2013).
1.3.3 WGS data analysis
As sequencing costs are decreasing, the generation of WGS data becomes
more accessible for National Reference Centres and Laboratories, although the
costs still depend heavily on the number of samples that are simultaneously
processed, so that for smaller laboratories, which have to analyse only a small
number of pathogenic isolates at a time, WGS may still be too expensive.
For National Reference Centres and Laboratories which have the resources
to invest in high-throughput sequencing platforms, the extraction of clinically
and epidemiologically useful information out of WGS reads is the bottleneck
that prevents the adoption of WGS as subtyping standard. Firstly, analysis
of millions of short reads requires bioinformaticians and substantial computer
power, both of which are not commonly found in the average National Reference
Centre or Laboratory. Secondly, as with all subtyping methods, a standard
protocol is required to be able to compare results between different laboratories
and also to compare results over time. But how should that standard protocol
for WGS data analysis look like? Many questions have yet to be answered by
the involved community, but answers are requested as WGS will become the
standard in Europe (European Food Safety Authority (EFSA) 2014).
The first discussion point is the workflow for interpretation of WGS data. Two
complementary methodologies exists: SNP calling from reference-based read
mapping and gene-by-gene comparison. For SNP calling a completed reference
genome is needed and it does not allow detection of new genetic elements,
but results can be straightforwardly visualised in a phylogenetic tree. The
gene-based approach relies on de novo assembly, of which the quality is very
much dependent on the quality of the WGS data, so this should be specified in
the standard protocol. A gene-based approach can be worked out as presence or
absence of a set of genes or, if mutations are included, as an allele comparison,
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also known as whole genome MLST. The set of genes to be compared can be
the core genome, defined by Tettelin et al. (2008) as “the genes shared by all
the strains studied” or the pan-genome, which includes the core genome plus
the accessory genome, in which the latter consists of all isolate-specific genes
(Tettelin et al. 2008). The decision on which set of genes or MLST scheme to use,
will depend on the required resolution and may be pathogen-specific. In any case,
for whole genome MLST, arrangements have to be made for an international
database to define the extended sequence type (ST) (European Food Safety
Authority (EFSA) 2014). An architecture for such bacterial pathogen databases,
i.e. BIGSdb, was already proposed by Jolley and Maiden (2010) and Applied
Maths is also developing a whole genome MLST module for several pathogens
for the BioNumerics software. A computational advantage of whole genome
MLST is that, contrary to a phylogenetic tree that results from SNP calling,
not the complete dataset has to be recalculated when a new isolate is added, as
the new isolate will receive an extended ST that can be readily compared to
that of the isolates already residing in the dataset (Jolley and Maiden 2010).
A second point of consideration is a definition of distinct subtypes, which
is a very important issue from a legal viewpoint. E.g. during an outbreak
investigation, how many SNPs may there be between two isolates before they
are regarded as descending from two distinct strains? To answer this question,
WGS should be applied to as much as possible related and unrelated isolates
of a pathogen, in order to determine differences in the genetic diversity in
background strains and in outbreak cases.
A third question is related to the inference of phenotype data, such as
antimicrobial susceptibility and virulence, from the WGS genotype data.
ResFinder (Zankari et al. 2012) and VirulenceFinder (Joensen et al. 2014)
already allow to identify antimicrobial resistance and virulence genes which
are introduced in the underlying databases (VirulenceFinder is available for
Escherichia coli, Staphylococcus aureus and Enterococcus), but expression of
these genes cannot be inferred from WGS data. Moreover, mechanisms of
antimicrobial resistance also includes mutations and all mechanisms have not
yet been elucidated.
A last point of consideration is the link with the historical subtyping data.
National Reference Centres and Laboratories retain classical phenotypic and
molecular data of surveillance and outbreak isolates and compatibility with
WGS data is not guaranteed, especially for phenotypic subtyping data as phage
type. Classical MLST sequence types based on a few housekeeping genes, can
readily be extracted from WGS data (Larsen et al. 2012), but Illumina reads
are too short to span a MLVA locus, so that counting of tandem repeats for
MLVA might be impossible. In addition, a de novo assembly results in a number
of contigs with gaps between them, which make it impossible to predict a
PFGE pattern, unless the genome is closed (Sabat et al. 2013). Suggestions are
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that we have to move away from the historical subtyping data and certainly
from the historical nomenclature, as all results from WGS analysis may not
be captured as a single type, but more in the sense of a report (Gilmour et al.
2013; European Food Safety Authority (EFSA) 2014).
The eventual standardised protocol for WGS analysis in a National Reference
Centre or Laboratory should be implemented in a user-friendly pipeline,
so that they can perform the standard analysis without intervention of a
bioinformatician. Hence, this user-friendly pipeline should be operated by a
graphical user interface (GUI), so that it is manageable in a routine setting,
contrary to research environments, where a command line may be a common
interface.
1.4 Rationale and outline of the thesis
1.4.1 Rationale of the thesis
The research question of this PhD project, called SalMolType, arises from the
Belgian National Reference Centres located at the Scientific Institute for Public
Health (WIV-ISP), which were in need for an improved subtyping technique,
since the available methods for characterisation of a pathogen did not meet
the specifications of an ideal subtyping method as defined in section 1.1. This
need applies equally to the average human National Reference Centres and
the National Reference Laboratories for food. Especially for the important
foodborne pathogen Salmonella an alternative subtyping method was needed,
since the subjective phage typing technique had to be discontinued, MLVA was
not equally performing for each serovar and PFGE was too labour-intensive
and time-consuming for routine implementation. As a case study, the most
commonly isolated serovar, i.e. S. Typhimurium, was taken, because MLVA
resulted in so many different profiles (during the PhD work this was attributed
to the instability of the MLVA loci) so that analysis was difficult for routine
surveillance and outbreak detection.
For Salmonella, subtyping means to discriminate between isolates which are
classified as the same serovar. The required level of discrimination can vary
for different usages of subtyping. E.g., for outbreak investigations, it may be
necessary to use a technique that allows a very high resolution, so that outbreak
isolates can be distinguished from circulating background isolates, which is most
likely not required for routine surveillance purposes. The method will also have
to be more rapid for outbreak investigations than for routine surveillance. For
both outbreak investigations as for routine surveillance, the subtyping method
is, ideally, inexpensive, robust, easy to implement and to standardise, universally
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applicable to a wide range of pathogens, and resulting in objective data that are
suitable for interpretation and for communication between different laboratories.
A convenient nomenclature may be indispensable for the interpretation and
communication requirements.
Technologically, this PhD aimed at the development of a multiplex assay based
on molecular markers, universally applicable in epidemiology and surveillance.
Concomitantly, the Luminex technology was implemented at the Scientific
Institute for Public Health (WIV-ISP). From a comparison of different Luminex
assays, it was decided that the MOL-PCR was the optimal method, as it allowed
a high level of multiplex and cost and time needed (less than 8 hours is requested
for outbreak investigations) for the assay were acceptable.
After development of the MOL-PCR assay for subtyping of S. Typhimurium,
which included a thorough optimisation of the used technology and validation on
a large collection of S. Typhimurium and its monophasic variant S. 1,4,[5],12:i:-,
it was clear that the MOL-PCR assay was not yet ideal with respect to
discriminatory power, which was observed to be equal to that of phage typing
and which might not be sufficient in some cases. Addition of more markers in
the MOL-PCR assay would however increase the cost and effort of the assay.
Furthermore, the MOL-PCR assay technique is universally applicable to other
pathogens, but each pathogen would require the development of a new set of
probe pairs, which is not ideal. Therefore, WGS was explored as suggested ideal
subtyping method. The use of WGS for outbreak investigation and surveillance
by an average National Reference Centre or Laboratory has been evaluated
based on selected case studies.
1.4.2 Outline of the thesis
The outline of the thesis with the different chapters is presented in Figure 1.15.
The first chapter gives a general introduction on different aspects and techniques
used in this PhD and provides the rationale and outline of the thesis. Chapter
2 is a study of 3-year surveillance data on S. Typhimurium of the Belgian
National Reference Centre for Salmonella and Shigella. Next to phage type
and antimicrobial susceptibility, the surveillance data included MLVA for which
the analysis was an issue for the National Reference Centre for Salmonella
and Shigella, because of the large number of distinct MLVA profiles that were
obtained. As MLVA is currently a standard subtyping method in Europe
(Larsson et al. 2013; Lindstedt et al. 2013), an analysis scheme adapted to the
needs of the National Reference Centre for Salmonella and Shigella was created.
Together, chapters 1 and 2 give the general background information for the
thesis.
The optimisation of the MOL-PCR assay is incorporated as chapter 3 of the
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thesis, with the actual development and validation of the MOL-PCR assay for
subtyping of S. Typhimurium as chapter 4.
In chapter 5, WGS data of S. Typhimurium and S. 1,4,[5],12:i:- are explored
in relation to the different questions in section 1.3.3. Chapter 6 is then an
application of currently available, user-friendly software and tools for outbreak
investigation with WGS. Two S. Enteritidis outbreaks were taken as a case
study, since both food and human isolates were available and to underline the
universal usability of WGS for characterisation of pathogens.
Finally, chapter 7 presents the general conclusions of this PhD and the future
perspectives.





























































Figure 1.15: Schematic outline of the thesis.

Chapter 2
MLVA as a tool for public
health surveillance of human
Salmonella Typhimurium:
prospective study in Belgium
and evaluation of MLVA loci
stability
This chapter was previously published as:
V. Wuyts, W. Mattheus, G. De Laminne de Bex, C. Wildemauwe, N. H. C.
Roosens, K. Marchal, S. C. J. De Keersmaecker, and S. Bertrand (2013). “MLVA
as a tool for public health surveillance of human Salmonella Typhimurium:
prospective study in Belgium and evaluation of MLVA loci stability”. PLoS
ONE 8.12, e84055. doi: 10.1371/journal.pone.0084055
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Abstract
Surveillance of Salmonella enterica subsp. enterica serovar Typhimurium
(S. Typhimurium) is generally considered to benefit from molecular techniques
like multiple-locus variable-number of tandem repeats analysis (MLVA), which
allow earlier detection and confinement of outbreaks. Here, a surveillance study,
including phage typing, antimicrobial susceptibility testing and the in Europe
most commonly used 5-loci MLVA on 1,420 S. Typhimurium isolates collected
between 2010 and 2012 in Belgium, was used to evaluate the added value of
MLVA for public health surveillance. Phage types DT193, DT195, DT120,
DT104, DT12 and U302 dominate the Belgian S. Typhimurium population. A
combined resistance to ampicillin, streptomycin, sulphonamides and tetracycline
(ASSuT) with or without additional resistances was observed for 42.5% of the
isolates. 414 different MLVA profiles were detected, of which 14 frequent
profiles included 44.4% of the S. Typhimurium population. During a serial
passage experiment on selected isolates to investigate the in vitro stability of
the 5 MLVA loci, variations over time were observed for loci STTR6, STTR10,
STTR5 and STTR9. This study demonstrates that MLVA improves public
health surveillance of S. Typhimurium. However, the 5-loci MLVA should
be complemented with other subtyping methods for investigation of possible
outbreaks with frequent MLVA profiles. Also, variability in these MLVA
loci should be taken into account when investigating extended outbreaks and
studying dynamics over longer periods.
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2.1 Introduction
Salmonella is the most frequent cause of foodborne outbreaks and human
salmonellosis is the second most frequently reported zoonosis in the European
Union (European Food Safety Authority (EFSA) and European Centre for
Disease Prevention and Control (ECDC) 2013). The most common serovars
of Salmonella isolated from human outbreaks are Salmonella enterica subsp.
enterica serovar Enteritidis (S. Enteritidis) and Salmonella enterica subsp.
enterica serovar Typhimurium (S. Typhimurium) (European Food Safety
Authority (EFSA) and European Centre for Disease Prevention and Control
(ECDC) 2013). Typing methods which allow characterization below the serovar
level are essential in a surveillance program for this diverse genus. Classical
surveillance programs for Salmonella rely on phenotyping methods such as
phage typing and antimicrobial susceptibility testing. Nowadays, phage typing
as a subtyping technique is often complemented with molecular methods like
pulsed-field gel electrophoresis (PFGE), which is considered the gold standard for
subtyping of Salmonella (Wattiau et al. 2011). Yet, recent studies suggest that
multiple-locus variable-number of tandem repeats analysis (MLVA) improves
surveillance, detection of outbreaks and of sources of outbreaks of Salmonella and
in particular of S. Typhimurium (Torpdahl et al. 2007; Heck 2009; Sintchenko et
al. 2012; Lindstedt et al. 2013). MLVA targets rapidly evolving genomic elements
known as tandem repeats. This allows to use them to study genetic relatedness
between isolates. There exist different MLVA schemes for S. Typhimurium, all
with a different number of variable number of tandem repeat (VNTR) loci used.
The first MLVA scheme for S. Typhimurium used 8 VNTR loci (Lindstedt et al.
2003). Improvements of PCR multiplexing and capillary electrophoresis to this
MLVA scheme resulted in a scheme with 5 VNTR loci of which 3 loci were
previously included in the 8-loci MLVA scheme and 2 loci were newly added
(Lindstedt et al. 2004), and which was equally well performing as the more
labour intensive 8-loci MLVA scheme. This 5-loci scheme is currently in Europe
the most commonly used MLVA scheme for S. Typhimurium (Larsson et al.
2013; Lindstedt et al. 2013). Variations on this 5-loci MLVA scheme have been
tested. However, none of these showed to have large added value, compared to
the 5-loci MLVA scheme, for routine surveillance and outbreak investigation of
S. Typhimurium. Indeed, other MLVA schemes with 10 and 6 VNTR loci were
developed for simultaneously typing of multiple Salmonella serovars (Ramisse
et al. 2004; Witonski et al. 2006), thereby circumventing the disadvantage that
most MLVA schemes are dedicated to one specific serovar. However, the small
set of studied S. Typhimurium isolates only showed variability at the VNTR
loci in common with the previously published 8-loci and 5-loci MLVA schemes.
Additionally, a recent study which enlarged the 5-loci MLVA scheme with 11
additional VNTR loci for S. Typhimurium concluded that the 5-loci MLVA
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scheme was suitable to supplement PFGE in routine surveillance and outbreak
investigation (Chiou et al. 2010). The 5-loci MLVA scheme of Lindstedt et al.
(2004) was recently validated in a large European inter-laboratory trial (Larsson
et al. 2013; Lindstedt et al. 2013). Outside Europe other MLVA schemes are
in use, e.g. PulseNet USA (PulseNet USA 2013) developed a 7-loci MLVA
protocol for S. Typhimurium by adding 2 VNTR loci to the 5-loci MLVA
scheme. Whatever MLVA scheme used, the combination of the number of
tandem repeats at a predefined number of MLVA loci results in a MLVA profile.
Nonetheless, questions are raised related to the stability of MLVA loci (Hopkins
et al. 2007; Ross et al. 2011) and different ways of handling closely related MLVA
profiles during outbreak investigations have been proposed (Petersen et al. 2011;
Friesema et al. 2012; Kuhn et al. 2013; Garvey et al. 2013; Paranthaman et al.
2013).
The objective of this study was to evaluate the added value of MLVA typing
for surveillance and outbreak detection by comparing MLVA profiles of a large
S. Typhimurium collection to results obtained through traditional phenotyping
methods and by evaluating the in vitro stability of the loci of the used MLVA
scheme in a serial passage experiment.
The S. Typhimurium isolates in this study were collected in Belgium, where
S. Typhimurium is since 2006 the serovar most frequently isolated from humans
with an average of 1,985 isolates (55.9% of all Salmonella isolates, average from
2006 up to 2012) reported per year. S. Enteritidis follows with an average of
774 isolates (21.8%) reported each year (Bertrand et al. 2012).
For routine surveillance of human S. Typhimurium infections, the Belgian
National Reference Centre for Salmonella and Shigella (NRCSS) uses phage
typing and antimicrobial susceptibility testing. In outbreak situations, these
phenotyping techniques are complemented with PFGE. During the 3-year period
2010–2012, the S. Typhimurium isolates were also analysed with the 5-loci MLVA
scheme commonly used in Europe (Larsson et al. 2013; Lindstedt et al. 2013).
Hence, this large collection of data created the ideal opportunity to investigate
the potential and added value of MLVA for surveillance and outbreak detection
of an important foodborne pathogen. This study demonstrates that although
the discriminatory power of MLVA allows for an improvement of public health
surveillance, additional or alternative molecular subtyping methods should be
used to detect an outbreak and to uniquely characterize an outbreak isolate.
Moreover, as some of the MLVA loci showed to be unstable, the interpretation
of these genetic markers for subtyping should be done with caution.
MATERIALS AND METHODS 33
2.2 Materials and methods
2.2.1 Bacterial isolates
In Belgium, peripheral clinical laboratories collect Salmonella isolates from
human patients and send them voluntarily to the NRCSS for serotyping. In
the 3-year period from 1 January 2010 to 31 December 2012, the Belgian
NRCSS received a total of 10,055 human Salmonella samples. From the 5,698
isolates (56.7%) that were serotyped as Typhimurium, a random subset of
1,439 S. Typhimurium isolates were analysed by phage typing, antimicrobial
susceptibility testing and MLVA. Exclusion of 24 isolates which gave inconsistent
phage types in confirmatory tests, led to a total of 1,415 randomly sampled
S. Typhimurium isolates in this study (n2010 = 481, n2011 = 449, n2012 = 485).
This randomly sampled set included 11 isolates (i.e. 0.8%) that were serotyped
as the monophasic variant (1,4,[5],12:i:-) of S. Typhimurium. Five isolates
collected during an outbreak in a day nursery in 2011 were also included in
this study, so that the total size of the studied population is 1,420 isolates. All
typing data are available as Dataset S1 in the supporting information.
2.2.2 Serotyping and phage typing
Serotyping of Salmonella isolates was performed by slide agglutination with
commercial antisera by the Kauffmann-White scheme (Grimont and Weill
2007). Phage typing of S. Typhimurium was carried out according to the
recommendations of the Health Protection Agency (Colindale, United Kingdom)
(Threlfall and Frost 1990). A frequent phage type was defined as a phage type
that was detected in at least 50 isolates during the 3-year period 2010–2012.
2.2.3 Antimicrobial susceptibility testing
The susceptibility to 13 antibiotics was determined by the disk diffusion
(Kirby-Bauer) method following recommendations of the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) and using Bio-Rad
(Nazareth, Belgium) disks (European Committee on Antimicrobial Susceptibility
Testing (EUCAST) 2013a). Inhibition zones were interpreted according to
EUCAST criteria (European Committee on Antimicrobial Susceptibility Testing
(EUCAST) 2013b) for ampicillin (A), amoxicillin plus clavulanic acid (Amc),
cefotaxime (Ctx), chloramphenicol (C), ciprofloxacin (Cip), gentamicin (G),
trimethoprim (Tmp) and trimethoprim plus sulfamethoxazole (Sxt), and Clinical
and Laboratory Standards Institute’s (CLSI) criteria for kanamycin (K),
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nalidixic acid (Na), streptomycin (S), sulphonamides (Su) and tetracycline
(T). Quality control was performed using the Escherichia coli ATCC 25922
strain. Multidrug resistance (MDR) was defined as resistance to 4 or more
antimicrobials.
2.2.4 Multiple-locus variable-number of tandem repeats anal-
ysis (MLVA)
MLVA was performed as described previously (Lindstedt et al. 2004). Liquid
cultures were heated at 95℃ for 10 minutes and used directly in the PCR
reaction after a brief centrifugation at 18,188 g for 10 minutes, or a DNA lysate
was prepared by heating a single colony in 300 µl sterile water at 100℃ for
10 minutes and collecting the supernatant after centrifugation at 9,300 g for
10 minutes. PCR products were subjected to capillary electrophoresis on a
ABI 3130xl Genetic Analyzer (Life TechnologiesTM), after which the size of
the PCR products was determined with GeneMapperr software v.1.0 (Life
TechnologiesTM). GeneScanTM 600 LIZr (Life TechnologiesTM) was used as
size standard. The calibration strains were the same as described previously
(Larsson et al. 2009) with the addition of two strains, STm-SSI32 and STm-
SSI33 (European Centre for Disease Prevention and Control (ECDC) 2011).
Presence of loci which presented a relatively low peak area with respect to other
loci in the sample, was confirmed through single target PCR and agarose gel
electrophoresis. MLVA profiles are reported as a string of 5 numbers (STTR9-
STTR5-STTR6-STTR10-STTR3) representing the number of repeats at the
corresponding locus or NA in case a PCR product was not obtained for that locus
(Larsson et al. 2009). A frequent MLVA profile was defined as a MLVA profile
that was detected in at least 20 isolates during the 3-year period 2010–2012.
A MLVA profile that was detected in less than 20 isolates during the 3-year
period 2010–2012 defined a rare profile.
2.2.5 Stability experiment
The in vitro stability of the 5 MLVA loci was evaluated in 20 S. Typhimurium
isolates with a frequent MLVA profile and a frequent phage type, and in 11
S. Typhimurium isolates with a rare MLVA profile but with a frequent phage
type. A single colony from a culture grown overnight on LB agar at 37℃ was
inoculated into 5 ml LB broth and incubated overnight at 37℃ without shaking.
Next, a series of 50 passages at a rate of two passages per day was performed
by inoculating 20 µl of culture into 5 ml fresh LB broth and incubating at 37℃
without shaking. Glycerol (25% v/v) stocks (−80℃) were made before each
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fifth passage. MLVA was performed on heated liquid cultures after every fifth
passage, as described above, leading to a total of 310 typing tests (Struelens
et al. 1996).
2.2.6 Minimum spanning tree and diversity indices
A minimum spanning tree based on MLVA profiles of S. Typhimurium isolates
was created in BioNumerics 6.5 (Applied Maths) using the categorical coefficient
and no priority rules for the algorithm.
The discriminatory power of phage typing, antimicrobial resistance testing and
MLVA was evaluated in the 1,415 randomly sampled S. Typhimurium isolates
with Simpson’s index of diversity (D) (Hunter and Gaston 1988) and Shannon’s
indices of diversity (H ′) and equitability (E) (Shannon 1948). Shannon’s indices
were calculated with the Biodiversity Calculator developed by J. Danoff-Burg
and C. Xu (Danoff-Burg 2003).
2.3 Results
2.3.1 Phage types
The 1,420 S. Typhimurium isolates were first subtyped by phage typing. Forty-
one distinct phage types were present, nevertheless 969 (68.2% of the sample
population) isolates were attributed to the frequent phage types DT193 (20.0%),
DT195 (17.7%), DT120 (16.3%), DT104 (6.3%), DT12 (4.1%) and U302 (3.9%).
The isolates with frequent phage types were not equally present over each year
of the study period (Figure 2.1). Phage types DT12 and U302 were mainly
found in 2010. Phage type DT195 dominated the seasonal peaks in 2010 and
2011, but was replaced by phage type DT120 during the seasonal peak in
2012. Nevertheless, isolates with phage types DT193 and DT104 were detected
throughout the 3-year period.
Not-typable (NT) and reacts-but-does-not-conform (RDNC) isolates of S. Ty-
phimurium comprised respectively 7.1% and 9.2% of the sample population.
Other phage types covered each less than 3% of the sample population.
The monophasic variant isolates were phage typed as DT193 (6 isolates), RDNC
(3), DT120 (1) and U302 (1).
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DT193 DT195 DT120 DT104 DT12 U302 NT RDNC Other
Figure 2.1: Monthly distribution of phage types among the Salmonella
Typhimurium population over the 3-year period. N = 1,407 as for 13 isolates
in this study the isolation date is unknown. NT: not-typable; RDNC: reacts-
but-does–not-conform; Other: phage types with less than 3% occurrence in the
sample population.
2.3.2 Antimicrobial susceptibility testing
Subsequently, the 1,420 S. Typhimurium isolates were further characterised by
antimicrobial susceptibility testing. The isolates of S. Typhimurium were
most frequently resistant to ampicillin (77.3% of the sample population),
sulphonamides (63.0%), streptomycin (57.3%) and tetracycline (54.6%) whereas
11.9% of the isolates were susceptible to all antibiotics tested. Frequency of
resistance to other antibiotics was between 0.2% for ciprofloxacin and 14.7% for
trimethoprim. In our study population, the percentage of resistance remained
stable over the 3-year period, except for the resistance to ampicillin and
tetracycline, which showed a slightly increasing trend. An increasing trend
was also observed for isolates with decreased susceptibility to sulphonamides.
However, a declining trend was observed for decreased susceptibility to nalidixic
acid (data not shown).
Multidrug resistance (MDR) occurred in 51.1% of the S. Typhimurium isolates.
The dominant MDR pattern was ampicillin, streptomycin, sulphonamides
and tetracycline (ASSuT) with or without additional resistances, which was
responsible for 83.3% of the MDR isolates in the 3-year period and which was
observed in 6 of the monophasic variant isolates (the 5 other monophasic variant
isolates had a ASSu resistance pattern). ASSuT was also the most common
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resistance pattern in S. Typhimurium belonging to phage types DT193 and
DT120. ACSSuT with or without additional resistances was the most frequent
pattern for MDR isolates of phage types DT104 and DT12. A combined
resistance to 6 or more antibiotics occurred regularly for phage types DT12,
DT120 and DT104, which presented a moderate to high percentage of MDR
isolates. On the other hand, S. Typhimurium with phage types U302 and DT195
presented a low frequency of MDR isolates and were mainly associated with a
single resistance to ampicillin (Table 2.1).
2.3.3 MLVA typing
Among the 1,420 S. Typhimurium isolates typed with MLVA targeting 5 loci,
414 distinct MLVA profiles were detected. Absence of a PCR amplicon occurred
most often at loci STTR10 (75.0% of the sample population), STTR3 (3.3%)
and STTR6 (1.8%). The highest number of different alleles was seen at locus
STTR6 (27), followed by loci STTR10 (24), STTR5 (22), STTR3 (20) and
STTR9 (11). Thirty MLVA profiles were observed throughout the 3-year period,
while 131, 93 and 108 MLVA profiles were only identified in 2010, 2011 and
2012, respectively.
263 rare MLVA profiles (63.5% of the MLVA profiles) were detected for
only one S. Typhimurium isolate (18.5% of the sample population), while
14 frequent MLVA profiles (3.4% of the MLVA profiles) comprised 44.4% of the
S. Typhimurium isolates.
In order to simplify the data analysis, we have decided to partition the frequent
MLVA profiles into 2 groups taking into account the number of 27-bp repeats
in locus STTR3: group 1 (32.0% of the sample population) with allele 211
and group 2 (12.3%) with allele 311 (Figure 2.2). The MLVA profiles of each
group were single-locus and single-repeat variants of other MLVA profiles in
the group. The frequent MLVA profiles were observed throughout the 3-year
period (Figure 2.3), except for profile 3-15-13-NA-311, belonging to group 2,
which was not detected in 2010. Nine monophasic variant isolates were typed
with a MLVA profile belonging to group 1. Rare MLVA profiles 3-11-11-NA-211
and 3-11-3-NA-211 were detected in the other monophasic variant isolates.
The S. Typhimurium isolates of both groups differed with respect to the presence
of phage types (Figure 2.4). DT193, DT195, U302 and NT isolates were
observed in both groups, whilst DT120, DT110, DT138, U311 and RDNC
isolates were common in group 1 and scarce in group 2. Interestingly, 30 out of
the 48 (62.5%) RDNC isolates in group 1 had MLVA profile 3-12-11-NA-211
(Figure 2.4). Frequent phage types DT104 and DT12 were observed only for
a single isolate of group 1 and of group 2, respectively. Within the frequent
phage types, the number of distinct MLVA profiles ranged from 41 for U302 up
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Figure 2.2: Minimum spanning tree calculated of MLVA profiles of Salmonella
Typhimurium isolates over the 3-year period. N = 1,420. Each node represents
a different MLVA profile. Node colour denotes frequent MLVA profiles of
group 1 (green) and group 2 (blue), and rare MLVA profiles (grey). Node size is
proportional to the number of isolates with that MLVA profile. Branch thickness
indicates how many loci are different in the MLVA profiles of the connected
nodes. Thick solid lines connect nodes that differ by 1 MLVA locus, thin solid
lines connect nodes that differ by 2 MLVA loci and dashed lines connect nodes
that differ by 3 MLVA loci. MLVA: multiple-locus variable-number of tandem
repeats analysis.
to 79 for DT193 (Table 2.1). Except for phage types DT104 and DT12, which
showed many different MLVA profiles, the most common MLVA profile for each
phage type belonged to the frequent MLVA groups.
Also with respect to antimicrobial resistance there were dissimilarities between
both groups of frequent MLVA profiles. Whereas group 1 comprised 73.6%
MDR isolates, group 2 included 6.9% MDR isolates. Correspondingly, the most
common antimicrobial resistance patterns were ASSuT (50.4%) in group 1 and
a single resistance to ampicillin (86.3%) in group 2. Both groups displayed
equivalent numbers of isolates which were susceptible to all antibiotics tested
(3.3% and 2.3% for group 1 and 2, respectively).
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Group 1 of frequent MLVA Group 2 of frequent MLVA Rare MLVA
Figure 2.3: Monthly distribution of Salmonella Typhimurium isolates over the
3-year period according to MLVA profile. N = 1,407 as for 13 isolates in this
study the isolation date is unknown. Group 1 of frequent MLVA profiles: 3-
12-8-NA-211, 3-12-9-NA-211, 3-12-10-NA-211, 3-12-11-NA-211, 3-13-8-NA-211,
3-13-9-NA-211, 3-13-10-NA-211 and 3-13-11-NA-211. Group 2 of frequent MLVA
profiles: 3-14-11-NA-311, 3-15-10-NA-311, 3-15-11-NA-311, 3-15-12-NA-311,
3-15-13-NA-311 and 3-16-10-NA-311. Rare MLVA: MLVA profiles that have
less than 1.4% occurrence in the sample population. MLVA: multiple-locus
variable-number of tandem repeats analysis.
2.3.4 Diversity of phage typing, antimicrobial susceptibility
testing and MLVA
To compare the discriminatory power of MLVA to that of the phenotyping
methods used, Simpson’s and Shannon’s diversity indices were calculated.
The discriminatory power of a subtyping method is defined as the ability
to distinguish between unrelated isolates (Hunter and Gaston 1988) and the
higher the value of a diversity index, the higher the discriminatory power of the
subtyping method. Simpson’s D ranges from 0 to 1 and gives the probability
that 2 randomly sampled and unrelated isolates will have a different subtype
(Hunter and Gaston 1988). Rare subtypes, which apply to only a small number
of isolates, will have a small contribution to Simpson’s index and as such, the
number of subtypes has little influence on Simpson’s index (Boxrud et al. 2007).
Shannon’s H ′ is an indicator for subtype richness (Boxrud et al. 2007) and its
highest value is lnS, where S is the number of subtypes. Shannon’s E is a















































DT193 DT195 DT120 DT12 U302 NT RDNC Other
Figure 2.4: Prevalence of Salmonella Typhimurium isolates in this study with
a frequent MLVA profile. Figure 2.4A: Group 1 of frequent MLVA profiles (n
= 455) for which other phage types are DT7, DT20, DT56, DT110, DT116,
DT138, DT185, DT194 and U311. Figure 2.4B: Group 2 of frequent MLVA
profiles (n = 175) for which other phage types are DT35, DT41, DT99, DT194,
DT208 and U311. MLVA: multiple-locus variable-number of tandem repeats
analysis; NT: not-typable; RDNC: reacts-but-does–not-conform.
42 MLVA AS A TOOL FOR PUBLIC HEALTH SURVEILLANCE OF HUMAN SALMONELLA
TYPHIMURIUM: PROSPECTIVE STUDY IN BELGIUM AND EVALUATION OF MLVA LOCI STABILITY
has 1 as maximum value.
Calculated values for Simpson’s D, Shannon’s H ′ and E indices were,
respectively, 0.88, 2.49 and 0.67 for phage typing, 0.88, 2.84 and 0.62 for
antimicrobial susceptibility testing, and 0.98, 4.92 and 0.82 for MLVA. These
values suggest that MLVA has a higher discriminatory power than both phage
typing and antimicrobial susceptibility testing.
2.3.5 Typing of outbreak isolates
To evaluate the added value of MLVA in case of outbreak detection, five isolates
originating from an outbreak in a day nursery in 2011 were included in this
study. These isolates were characterised as phage type DT138 with antimicrobial
resistance pattern ASSu and MLVA profile 3-13-11-NA-211. Whereas each of
these typing results independently are shared with isolates which are not related
to the outbreak and hence would not allow to identify specific clusters of
outbreak isolates, the combination of their MLVA profile and phage type is
unique to the outbreak isolates compared to all other isolates in the 3-year
period.
The outbreak isolates were also typed with PFGE (data not shown), which
resulted in identical patterns for these isolates. However, this PFGE pattern
could not be compared to other isolates in this study, as it was not feasible for
the Belgian NRCSS to perform PFGE on all randomly sampled isolates during
the 3-year period.
2.3.6 Stability of MLVA loci
To evaluate the in vitro stability of the number of tandem repeats in the MLVA
loci, 31 S. Typhimurium isolates were subjected to a serial passage experiment.
The isolates selected for this stability experiment covered all frequent phage
types and 17 different MLVA profiles, of which 6 and 3 MLVA profiles belonged
to respectively frequent MLVA groups 1 and 2 (Table 2.2).
Among the 20 isolates with a frequent MLVA profile, 3 isolates (15.0%) presented
a single-repeat variant at locus STTR6 during the serial passage experiment.
Among the S. Typhimurium with a rare MLVA profile, variations of the initial
MLVA profile were observed in 6 out of 11 isolates (54.5%). These variations
were not only noticed in locus STTR6, but also in loci STTR5, STTR9 and
STTR10. In one isolate with a rare MLVA profile, variations of the initial MLVA
profile were observed in loci STTR5, STTR6 and STTR9, and another isolate
with a rare MLVA profile presented 3 different variations at locus STTR10
(Table 2.2). For loci STTR6 and STTR5 only single-repeat variants were seen,
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whereas the varying allele for locus STTR9 differed 2 repeats from the original
allele and for locus STTR10 there were differences from 1 up to 7 repeats
between original and varying alleles.
2.4 Discussion
S. Typhimurium is the most frequently isolated serovar from human patients
in Belgium and hence subtyping of this serovar is very important for outbreak
detection and tracing outbreak sources. The Belgian NRCSS relies on phage
typing and antimicrobial susceptibility testing for routine surveillance of
S. Typhimurium, complemented with PFGE during outbreak investigations.
PFGE, which is widely considered as the gold standard for subtyping of
Salmonella, is a labour intensive and time consuming technique and therefore
implementation of this subtyping method for routine surveillance is not realisable
for the Belgian NRCSS. MLVA, which requires less hands-on time and allows
faster typing and easy inter-laboratory comparison of results, has been adopted
by several European countries for surveillance and detection and investigation
of outbreaks (Lindstedt et al. 2013). For evaluation of the capability of MLVA
typing for surveillance and outbreak detection of human S. Typhimurium
in Belgium, 1,420 isolates collected over the 3-year period 2010–2012 were
characterised by phage typing, antimicrobial susceptibility testing and 5-loci
MLVA.
Our study shows that phage types DT193, DT195, DT120, DT104, DT12 and
U302 dominated the S. Typhimurium population. This predominance of a
small number of phage types was also observed in other countries (Weill et al.
2006; Torpdahl et al. 2007; Prendergast et al. 2011; Sintchenko et al. 2012)
and reduces the capacity of phage typing to discriminate outbreak isolates.
Additionally, 16.3% of the isolates are categorized as RDNC or NT, which
lowers the proportion of isolates that are subtyped by this technique, and hence
its suitability for surveillance and outbreak detection.
Antimicrobial susceptibility testing is another phenotyping method used in
public health surveillance. In this study, ASSuT is the leading antimicrobial
resistance pattern, which is observed with or without additional resistances for
42.5% of the S. Typhimurium isolates. The ASSuT pattern has been reported in
France, UK, Spain, Luxembourg, Italy and Germany in association with DT193,
DT120 and NT isolates and is often connected to the monophasic variant of
S. Typhimurium (Hampton et al. 1995; Soler et al. 2006; Weill et al. 2006;
Mossong et al. 2007; Graziani et al. 2008; Hauser et al. 2010; Hopkins et al.
2012); but also, differently from Belgium, in combination with phage type U302
in Denmark and Italy (Ethelberg et al. 2004; Dionisi et al. 2009). Contrary to
other European countries (Mossong et al. 2007; Hauser et al. 2010; Hopkins
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11-1129 DT104 3-12-9-NA-211 1 -
12-2475 DT193 3-12-9-NA-211 1 -
12-3110 DT193 3-12-10-NA-211 1 STTR6: 11 (25)
11-0841 DT120 3-12-11-NA-211 1 -
11-2577 DT195 3-12-11-NA-211 1 -
12-3096 DT193 3-13-8-NA-211 1 -
11-1058 DT193 3-13-9-NA-211 1 -
12-0828 DT120 3-13-9-NA-211 1 -
12-1779 DT120 3-13-9-NA-211 1 -
11-0050 DT120 3-13-10-NA-211 1 -
11-2038 DT120 3-13-10-NA-211 1 -
11-2650 DT195 3-13-10-NA-211 1 -
11-2847 DT195 3-13-10-NA-211 1 -
11-3000 U302 3-15-11-NA-311 2 -
12-1651 DT195 3-15-11-NA-311 2 -
11-2321 DT195 3-15-13-NA-311 2 STTR6: 12 (45)
11-3418 DT193 3-15-13-NA-311 2 STTR6: 12 (35)
11-3445 DT193 3-15-13-NA-311 2 -
11-2326 U302 3-16-10-NA-311 2 -
12-1918 U302 3-16-10-NA-311 2 -
11-2630 DT12 3-14-10-NA-311 - STTR5: 13 (10)
11-0676 DT195 3-14-10-NA-311 - -
11-3355 DT104 3-14-11-21-311 - STTR10: 20 (35)
11-1160 DT104 3-14-18-14-311 - -
10-02975 DT12 3-14-18-14-311 - STTR10: 9 (15);
STTR10: 7 (50);
STTR10: 17 (50)
11-0008 DT104 3-15-10-23-311 - -
11-0210 DT104 3-15-10-23-311 - STTR6: 11 (30)
11-0444 U302 3-18-16-17-311 - STTR10: 20 (20)
11-0335 U302 4-14-18-7-211 - -
11-3448 DT12 5-13-15-8-211 - -




MLVA: multiple-locus variable-number of tandem repeats analysis; MLVA profile: STTR9-
STTR5-STTR6-STTR10-STTR3.
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et al. 2010; European Food Safety Authority (EFSA) and European Centre
for Disease Prevention and Control (ECDC) 2013), Belgium has a low rate
(0.8% of the randomly sampled set) of human monophasic variant isolates of
S. Typhimurium.
Molecular techniques like MLVA are generally considered to improve surveillance
and detection of outbreaks and their sources because of different advantages
of this method. The possibility to present the result as a string of numbers is
one of the strengths of MLVA and allows easy sharing across country borders
and setup of databases of MLVA profiles (Heck 2009; Larsson et al. 2009).
Yet, laboratories have to agree on the set of calibration strains and on the
nomenclature used, so that different laboratories report the same MLVA profiles
for the same isolates (Dyet et al. 2011; Larsson et al. 2013). Another already
reported asset of MLVA subtyping is the high discriminatory power of this
technology (Heck 2009; Lindstedt et al. 2013). MLVA targeting 5 loci divided
the investigated S. Typhimurium collection into 414 distinct profiles and indeed
allowed for discrimination within isolates of the same phage type, which is
in concordance with previous studies (Lindstedt et al. 2004; Torpdahl et al.
2007; Prendergast et al. 2011; Ross et al. 2011). However, 14 frequent MLVA
profiles included 44.4% of the S. Typhimurium isolates. These 14 profiles were
partitioned into 2 groups based on the number of 27-bp repeats in locus STTR3.
The two MLVA groups differ regarding associated phage types and frequency
of MDR isolates. Most of the MLVA profiles in the first group have already
been described in other European countries (Hopkins et al. 2010; Prendergast
et al. 2011; Gossner et al. 2012; Hopkins et al. 2012; Kuhn et al. 2013) and
are present in the MLVA-NET database (Guigon et al. 2008). Of the second
group, 2 profiles have been reported in literature (Prendergast et al. 2011; Fabre
et al. 2012) and 1 additional profile has been found in the MLVA-NET database
(Guigon et al. 2008).
As in our study almost half of the S. Typhimurium population is characterised
by only 14 different MLVA profiles, while the total population is represented
by 414 distinct MLVA profiles, questions on the discriminating ability of this
subtyping technique could be raised. In order to compare the discriminatory
power in an objective manner, diversity indices were calculated for the different
subtyping methods used in this study. A higher Simpson’s index of diversity
(D) was obtained for MLVA as compared to phage typing and antimicrobial
susceptibility testing, but the latter techniques showed the same D value. This
demonstrates the small influence of the number of subtypes on Simpson’s
diversity index, as antimicrobial susceptibility testing revealed 99 distinct
patterns compared to only 41 detected phage types, while resulting in equal
discriminatory power according to Simpson’s index. Shannon’s diversity (H ′)
and equitability (E) indices, which are indicators of the number of subtypes
and of the evenness of the distribution of these subtypes (Boxrud et al. 2007),
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respectively, offer a more differentiated measure for comparison of discriminatory
power, i.e. aiming at a high number of evenly distributed subtypes. Shannon’s
H ′ denotes that antimicrobial susceptibility testing was more able to discriminate
between unrelated isolates than phage typing, but Shannon’s E values indicate
that phage types are more equally distributed than antimicrobial resistance
patterns. Both Simpson’s and Shannon’s indices suggest that MLVA has a
higher discriminatory power than phage typing and antimicrobial resistance
testing, as was concluded from earlier studies (Lindstedt et al. 2004; Boxrud
et al. 2007; Torpdahl et al. 2007; Prendergast et al. 2011), and which would
result in an improved surveillance and detection of possible outbreaks. However,
as S. Typhimurium isolates in this study are dominated by 14 frequent MLVA
profiles and 6 frequent phage types, care must be taken with the interpretation
of these indices. S. Typhimurium isolates with a frequent MLVA profile show
from 4 up to 11 different phage types and visa-versa, S. Typhimurium isolates
with a frequent phage type show from 41 up to 79 different MLVA profiles.
This would implicate that all isolates with a same frequent MLVA profile or
all isolates with a same frequent phage type do not originate from a single
S. Typhimurium strain. Consequently, for detection of an outbreak or the source
of an outbreak with isolates with a frequent MLVA profile or phage type, when
using the in this study applied 5-loci MLVA, a combination of both subtyping
techniques might be necessary, which was also previously observed (Ross et al.
2011; Kuhn et al. 2013). This was also the case for the 5 outbreak isolates
presented in this study. On the contrary, MLVA or phage typing might be
sufficient to distinguish a cluster of isolates with rare MLVA profiles or phage
types. However, for locating the source of a human outbreak in animal, food
or environmental isolates, we must take into account that rare MLVA profiles
or phage types in human isolates might be common MLVA profiles or phage
types in animals, food or the environment (Torpdahl et al. 2007), which would
complicate the designation of a single source.
In addition to the discriminatory power of a subtyping method, also the stability
of the assessed markers should be taken into account. From our serial passage
experiment on 31 S. Typhimurium isolates, we observed that 71.0% of the MLVA
profiles remain stable in vitro. However, variations due to passages occurred
and most variations were seen among isolates with a rare MLVA profile, which
presented variations in more isolates and at more loci. Single-locus variants
constituted 8 of the 9 isolates with varying alleles. MLVA loci STTR 6 and
STTR5 displayed only single-repeat variants, in contrast to STTR9 and STTR10,
where differences up to 7 repeats from the original number of repeats were
detected. Locus STTR3 remained stable throughout the experiment, which was
also observed in a serial passage experiment by Barua et al. (2013) on 4 DT41
S. Typhimurium isolates of poultry origin. In contrast to the results of our
experiment, in which more sampling points were included, the MLVA profiles
DISCUSSION 47
of their DT41 isolates remained stable at locus STTR9 and only single-repeat
variants at locus STTR10 and differences up to 4 repeats at locus STTR6 were
detected (Barua et al. 2013). Nevertheless, these passage experiments point out
that we cannot rule out the possibility that isolates with closely related MLVA
profiles are not clonal.
In conclusion, based on Simpson’s and Shannon’s indices, 5-loci MLVA has a
higher discriminatory power for the 1,420 S. Typhimurium collected during
the 3-year period 2010–2012, and can thus improve public health surveillance.
However, outbreak detection with MLVA is not straightforward, since for
isolates with a frequent MLVA profile, phage typing is still necessary to achieve
a unique, combined subtyping result in this study. Also, during investigation of
extended outbreaks, variations in MLVA profiles should be taken into account,
since in vitro stability could not be confirmed for all 5 MLVA loci. Therefore,
improvement of the 5-loci MLVA scheme may be desirable. Indeed, the MLVA
scheme which is currently implemented in Europe, and which has been used
in this study, targets 5 VNTR loci of which 1 locus did not amplify in 75.0%
of the 1,420 isolates and 4 loci showed instabilities during a serial passage
experiment. Since there are more than 30 VNTR loci described in literature for
S. Typhimurium (Le Flèche et al. 2001; Lindstedt et al. 2003; Lindstedt et al.
2004; Ramisse et al. 2004; Witonski et al. 2006; Chiou et al. 2010; PulseNet USA
2013), there may be possibilities to improve the assay. Other opportunities may
be the further development and implementation of CRISPR genotyping (Fabre
et al. 2012) for subtyping of S. Typhimurium, so that the need of a second
subtyping assay for genetically homogeneous populations is eliminated, or the
development of a subtyping assay that combines different typing methods in a
single molecular assay with stable markers.
Supporting information
Dataset S1 with all typing data of the studied S. Typhimurium population
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Abstract
With multiplex oligonucleotide ligation-PCR (MOL-PCR) different molecular
markers can be simultaneously analysed in a single assay and high levels of
multiplexing can be achieved in high-throughput format. As such, MOL-PCR
is a convenient solution for microbial detection and identification assays where
many markers should be analysed, including for routine further characterisation
of an identified microbial pathogenic isolate. For an assay aimed at routine use,
optimisation in terms of differentiation between positive and negative results
and of cost and effort is indispensable. As MOL-PCR includes a multiplex
ligation step, followed by a singleplex PCR and analysis with microspheres on a
Luminex device, several parameters are accessible for optimisation. Although
MOL-PCR performance may be influenced by the markers used in the assay
and the targeted bacterial species, evaluation of the method of DNA isolation,
the probe concentration, the amount of microspheres, and the concentration of
reporter dye is advisable in the development of any MOL-PCR assay. Therefore,
we here describe our observations made during the optimisation of a 20-plex
MOL-PCR assay for subtyping of Salmonella Typhimurium with the aim to
provide a possible workflow as guidance for the development and optimisation
of a MOL-PCR assay for the characterisation of other microbial pathogens.
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3.1 Introduction
Characterisation of microbial pathogens beyond the species and subspecies level,
that is, subtyping, requires more than one marker and these markers are usually
combined in a multiplex assay for time-effectiveness of the assay. Evaluation
of a multiplex assay can be facilitated by the Luminex technology, which has
the capacity to analyse up to 500 markers in a single sample. Luminex assays
are bead-based suspension arrays in which, in the case of DNA-based assays,
fluorescently labelled oligonucleotides hybridise to probes that are coupled to
distinctly coloured microspheres (up to 500 different colours). Fluorescently
labelled oligonucleotides can be created by different types of assays, such
as multiplex PCR (direct hybridisation assay), oligo ligation assay (OLA),
allele-specific primer extension (ASPE) (Angeloni et al. 2014), and multiplex
oligonucleotide ligation-PCR (MOL-PCR).
MOL-PCR was first described by Deshpande et al. (2010) as a powerful tool
for detection of microbial pathogens allowing to combine analysis of multiple
types of markers like unique sequences, indels, repeats, or single nucleotide
polymorphisms (SNPs) in a single multiplex reaction. With MOL-PCR high
levels of multiplexing can be achieved, because the multiplexing step is a ligation
rather than a PCR and signals are amplified in a singleplex PCR. MOL-PCR is a
variant on multiplex ligation-dependent probe amplification (MLPA) (Schouten
et al. 2002) in which the overnight hybridisation step and subsequent ligation
are replaced by cycles of hybridisation and ligation by a thermostable ligase.
The read-out of MLPA products occurs through fragment sizing by capillary
electrophoresis (Schouten et al. 2002), but also applications with analysis on a
Luminex device have been reported (Kipp et al. 2011; Bergval et al. 2012).
Multiplex ligation-based assays as MOL-PCR and MLPA have been reported
as efficient assays for the diagnosis of human genetic diseases (Schouten et al.
2002; Slater et al. 2004; Xu et al. 2013; Garin et al. 2014; Kasatkar et al. 2014;
Marcinkowska-Swojak et al. 2014), the detection of viruses (Reijans et al. 2008;
Theelen et al. 2010; De Smet et al. 2012) and bacteria (Deshpande et al. 2010;
Chung et al. 2012; Berning et al. 2014), and characterisation of pathogens,
including subtyping (Bergval et al. 2008; Beyene et al. 2009; Stucki et al. 2012;
Pham Thanh et al. 2013; Thierry et al. 2013; Cornelius et al. 2014).
Although MOL-PCR is increasingly used for characterisation of microbial
pathogens on pure isolates, little is found in literature on the steps taken during
optimisation of the assay, leading to the final, published protocol. A paper on
Mycobacterium tuberculosis refers to a general protocol and gives little detail on
the reaction conditions (Bergval et al. 2012). Deshpande et al. (2010), Stucki et
al. (2012) and Thierry et al. (2013) provide the reaction conditions in detail, but
refrain from comprehensive optimisation results, although encountered issues
with some aspects in the assay and their solutions are discussed by Thierry
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et al. (2013).
As we consider that optimisation experiments might contain valuable information
for other scientists starting with the development of a MOL-PCR assay for
their microbial pathogen of interest, we describe here the observations we made
during the optimisation process of a 20-plex MOL-PCR assay, which is one of
three MOL-PCR assays for the subtyping of Salmonella enterica subsp. enterica
serovar Typhimurium (S. Typhimurium), as an illustration of which parameters
could be optimised for a MOL-PCR assay for other pathogens.
Even though optimisation of MOL-PCR might depend on the markers in the
assay and on the bacterial species for which the assay is intended, we point out
the main parameters of the MOL-PCR assay that could be evaluated during
the design of a new assay for another microbial pathogen.
3.2 Materials and methods
3.2.1 Probe design
The MOL-PCR assay taken as an example in this study contains 18
discriminating markers and 2 markers as internal positive control of the DNA
template. One internal positive control marker targets a SNP, while all other
markers detect the presence of a unique sequence. Each marker requires an
upstream and downstream probe that anneal adjacent to each other on the
target DNA. The upstream probes consist of a 5’ 20 bp T7 primer sequence,
an internal 24 bp anti-TAG sequence, and a 3’ 19 bp to 27 bp target-specific
sequence. The downstream probes are made up of a 5’ 18 bp to 28 bp target-
specific sequence and at 3’ the 20 bp reverse-complement of a T3 primer. The
downstream probes are 5’ phosphorylated to enable ligation to the upstream
probe by the DNA ligase. All probe pairs were designed with Visual OMP
(DNA Software) so that the complex of target-specific DNA, upstream probe,
and downstream probe had an effective change of Gibb’s free energy (Eff ∆G◦)
of −31.15 to −25.13 kcal mol−1 and a melting temperature of 56 to 64℃ at
the conditions of the multiplex ligation reaction, except for one discriminating
and one internal DNA control marker for which the complex had a melting
temperature of 68℃ and 52℃, respectively. As the aim of this study is not
to provide a new subtyping method for S. Typhimurium, but to elaborate on
important parameters to be evaluated during the development of a MOL-PCR
assay, the sequences of the probes and primers used are less relevant for the
key message of this paper. However, sequences of probes (partially based on
Fang et al. (2012)) and primers are available upon request. All probes and
primers were ordered from Eurogentec with a RP-Cartridge-Gold purification
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for upstream probes and T7 primer and a reverse phase HPLC purification
for downstream probes and biotinylated T3 primer. A HPLC purification was
chosen for the downstream probes and T3 primer, since the supplier did not offer
the basic RP-Cartridge-Gold purification for these modified oligonucleotides.
3.2.2 Bacterial isolates and DNA isolation
All S. Typhimurium isolates in this study were received from the Belgian
National Reference Centre for Salmonella and Shigella. The test panel consisted
of 6 S. Typhimurium isolates, which were selected so that for each of the 18
discriminating markers at least 1 positive and 1 negative result was obtained.
Different methods for DNA isolation based on heat lysis were tested, that is,
heat lysis in water and heat lysis in a commercial product for DNA purification
were adapted for a single colony from previous reports (Bergval et al. 2012;
Luminex Corporation 2012; Stucki et al. 2012; Thierry et al. 2013) (Table 3.1:
DNA isolation). Isolates were grown overnight (14 to 20 hours) at 37℃ on LB
agar (Merck). In the first method, a single colony was dissolved in 50 to 300 µl
sterile deionised water and incubated at 100℃ for 10 min. After cooling for at
least 5 min at 4℃ and centrifugation for 10 min at 11000 g, the supernatant was
stored at −20℃ and used for further analysis. In the second method, a single
colony was treated as described in the product insert of the xMAP Salmonella
Serotyping Assay Kit (2012). In short, a single colony was added to 20 µl
InstaGene Matrix (Bio-Rad) and in a thermal cycler the following programme
was run: 56℃ for 10 min, 99℃ for 5 min, and 4℃ forever. After addition of
100 µl of nuclease free distilled water (Life Technologies), the tube was spun for
5 min in a microcentrifuge and 50 µl of the supernatant was stored at −20℃
for further use.
A positive control template DNA was created by combining a single colony of
each of 5 different isolates in one tube, which was treated in the same way as
the isolates of the test panel. The combination of these 5 isolates yielded a
positive reaction for each of the 20 markers in the assay.
3.2.3 Multiplex oligonucleotide ligation
The multiplex ligation reaction mix combined 1 to 5 nM of each of the 40 probes
with 1× Taq DNA ligase reaction buffer (New England BioLabs), 2 to 6 units
of Taq DNA ligase (New England BioLabs), and 2 or 4 µl of template DNA and
was brought to a final volume of 10 µl with nuclease free distilled water (Life
Technologies). The thermal cycling programme (Swift MaxPro, Esco) included 5
or 10 min of denaturation at 95℃ followed by 30 cycles of 25 s at 94℃ and 30 s at
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58℃ (Table 3.1: Multiplex oligonucleotide ligation). Each experiment included
a positive control for the reaction and a no-template-control (NTC) to measure
background signal for which the template DNA was replaced by, respectively,
positive control template DNA and nuclease free distilled water. The results of
neither the positive nor the negative control were taken into account for the
statistical analysis and are not included in the figures shown, since these results
are not representative of a bacterial isolate to be characterised.
3.2.4 Singleplex polymerase chain reaction
The singleplex PCR reaction (Table 3.1: PCR) was performed in a final volume
of 10 µl which included 1× HotStarTaq PCR buffer (Qiagen), 125 nM T7 primer
(Eurogentec), 500 nM 5’-biotin-T3 or 5’-Alexa 532-T3 primer (Eurogentec),
200 µM of each dNTP (Thermo Scientific), 0.25 or 0.5 units HotStarTaq DNA
polymerase (Qiagen), and 3 or 5 µl of ligase product. The following protocol
was run in a thermal cycler (SwiftMaxPro, Esco): 15 min at 95℃, 35 to 40
cycles of 30 s at 94℃, 30 s at 60℃, and 30 s at 72℃, 5 min at 72℃.
3.2.5 Hybridisation to microspheres and analysis on Luminex
platform
An adapted version of the manufacturer’s no wash protocol (Angeloni et al. 2014)
was used for the hybridisation reaction (Table 3.1: Hybridisation and analysis on
MAGPIX). Twenty regions of MagPlex-TAG microspheres (Luminex) with anti-
TAGs specific to each of the probe pairs in the assay were diluted/concentrated
to 375 to 2500 microspheres of each region per reaction in Tm hybridisation
buffer. In a total volume of 25 µl, 2.5 µl, 5 µl, or all of the PCR product
was combined with the microsphere mix to a final concentration of 1× Tm
hybridisation buffer (0.1 M Tris-HCl pH 8.0 (Sigma), 0.2 M NaCl (Sigma), and
0.08% Triton X-100 (Sigma) in nuclease free distilled water (Life Technologies)).
All of the PCR product is defined as the complete content of the tube after the
PCR, which may be less than the initial 10 µl volume attributable to possible
evaporation. In a thermal cycler (Swift MaxPro, Esco; or iCycler, Bio-Rad), the
samples were denatured for 90 s at 96℃ and hybridisation to anti-TAGs on the
microspheres occurred for 30 min at 37℃. In case a 5’-biotin-T3 primer was used
in the PCR, 100 µl of a reporter mix including 4 or 10 µg/ml of streptavidin-
R-phycoerythrin (SAPE) (Life Technologies) in 1× Tm hybridisation buffer
was added to each sample and after incubation for 15 min at 37℃ in a thermal
cycler (Swift MaxPro, Esco; or iCycler, Bio-Rad), 100 µl of the sample was
analysed on a MAGPIX device (Luminex). In case a 5’-Alexa 532-T3 primer
MATERIALS AND METHODS 57
was used in the PCR, 100 µl of 1× Tm hybridisation buffer was added to each
sample before analysis of 100 µl on a MAGPIX device.
The analysis was performed at 37℃. The protocol included a sample wash in
the MAGPIX device and the minimum bead count was 50 microspheres of each
region.
3.2.6 Statistical analysis
The output of the MAGPIX device includes the median fluorescence intensity
(MFI) value for each marker, that is, for each DNA sample or control 20 MFI
values are obtained, since the MOL-PCR is a 20-plex assay. These MFI values
were read into R software (R Core Team 2014). Signal-to-noise ratios (SN) were
calculated by dividing the MFI of the sample by the corresponding MFI of the





In each experiment, different test conditions were compared to a reference
condition. For each condition, the test panel of 6 S. Typhimurium isolates
generated 6 × 20 = 120 signal-to-noise ratios, of which 56 signal-to-noise ratios
were expected to be positive and 64 were expected to be negative based on a
prior screening with PCR or sequencing. The 56 positive signal-to-noise ratios
of each test condition were compared to the 56 positive signal-to-noise ratios of
the reference condition using a paired Wilcoxon signed-rank test, for which the
two-sided variant tests that the distribution of the difference of signal-to-noise
ratios of reference and test condition comes from a distribution symmetric
around 0. This nonparametric alternative for the t-test was used since, with
Kolmogorov-Smirnov tests on each set of 56 positive signal-to-noise ratios, the
null hypothesis of normal distribution had to be rejected at significance level
0.01.
Each experiment was performed twice in an independent manner and the results
of each test were statistically analysed separately. For each experiment, the
results of only one of the 2 independent tests are presented, since each of the
2 independent tests yielded the same statistical results. The results of the
positive control for the reaction (using the positive control DNA template)
and of the NTC (nuclease free distilled water as template) are not included
in the figures. For example, in the first experiment the test conditions are 3
different methods for DNA isolation and those are compared to a previously
used method for DNA isolation, which is the reference condition. As the panel
of 6 S. Typhimurium isolates together with the positive control for the reaction
and a NTC were assayed twice for each of the 4 DNA isolation methods, the first
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experiment included 8 (6 isolates, 1 positive control, 1 NTC) × 4 (conditions)
× 2 (independent repetitions) = 64 MOL-PCR assays, consisting of 1280 signal-
to-noise ratios in total (20 × (8 × 4 × 2)). However, only the results of the
test panel (6 isolates) in the 4 conditions and of one of 2 independent tests
are shown, so that in Figure 3.2 the results of 6 × 4 = 24 MOL-PCR assays
(24 × 20 = 480 signal-to-noise ratios) are presented, representative of the 2
independent repetitions. The significance level was set at 0.01 for all hypothesis
tests. All statistical analyses were performed in R software (R Core Team 2014).
3.3 Results and discussion
MOL-PCR with separated ligation and PCR (Stucki et al. 2012; Thierry et
al. 2013) includes 3 main steps (see Figure 3.1 for an overview of the assay).
The first step after DNA isolation is a multiplex oligonucleotide ligation in
which a pair of probes that anneal adjacent to each other on the target DNA
sequence is ligated by a thermostable DNA ligase. For each marker in the
multiplex assay, a different probe pair is included in the assay. Ligation of
probe pairs results in various single-stranded DNA molecules, which function
as a template in the subsequent singleplex PCR with a universal primer pair
(e.g., T3 and T7). One primer is biotinylated for read-out on a Luminex
device. In the third step, the PCR products are hybridised to MagPlex-TAG
microspheres, each with a different colour shade of red, through a TAG that is
incorporated in the marker-specific probes and that is complementary to the
anti-TAG coupled to the microspheres. For each marker a different TAG and
a different MagPlex-TAG microsphere is used in the assay. After incubation
with streptavidin-R-phycoerythrin (SAPE), a Luminex device will identify the
microsphere based on the measurement of the red colour, and thus the marker,
and measure the fluorescence signal of the SAPE to detect whether a PCR
product has hybridised to the anti-TAG on the microsphere.
The optimisation pursues high signal-to-background ratios for positive results,
which can be achieved with low background fluorescence intensity and high
fluorescence intensity for positive results. As this MOL-PCR assay is intended
for use as a routine subtyping method, cost is also an important factor in the
optimisation.
Optimisation of a MOL-PCR assay can be attempted at different parameters of
the preparatory work and in each of the 3 steps of the assay (Figure 3.1). Here,
we used a MOL-PCR assay in development as a routine subtyping method for
S. Typhimurium to illustrate which parameters are important to be evaluated
and, if needed, to be adapted, to achieve high signal-to-noise ratios. Different
conditions were tested to check whether deviations from the standard values
(based on literature and Luminex guidelines) had a significant impact on the
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Figure 3.1: Overview of a multiplex oligonucleotide ligation-PCR (MOL-PCR)
assay. The workflow is illustrated for 1 target, with the described MOL-PCR
being a 20-plex assay. However, a MAGPIX device can discriminate up to 50
different microsphere sets and hence up to 50 different targets. Optimisation
of the MOL-PCR assay was attempted for several parameters and the green
boxes indicate those parameters which had a major influence on the signal-to-
noise ratios, as has been elaborated in the text. gDNA: genomic DNA; SAPE:
streptavidin-R-phycoerythrin; see text for more details.
signal-to-noise ratios and would thus be advisable for further evaluation during
optimisation of a MOL-PCR assay. If no impact was seen, no further conditions
were tested. The optimal conditions for the parameter that was tested in one
experiment were further used in the following experiments. Table 3.1 summarises
all tested parameters, conditions, and the results of the statistical analysis,
which are elaborated below. Also issues that emerged during this evaluation of
the assay are discussed below.
3.3.1 Probe premixes
Since the described MOL-PCR assay is intended for routine use, the preparation
of a complex ligation mix with addition of each of the 40 probes separately each
time the assay is performed, should be avoided. Therefore, it was attempted first
to combine different probe pairs in a defined number of different probe premixes.
To avoid repetitive freeze-thaw cycles of diluted oligonucleotides, these probe
premixes were stored at −20℃ in single-use aliquots at a concentration of
5 µM. However, some combinations of probes in one premix resulted in high
background signals as measured by the MFI in the NTC (data not shown).
These high background signals were eliminated by changing probe pairs from
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one probe premix to another or by taking the probe pair out of the probe
premixes. Finally, the 40 probes were divided over 3 probe premixes including
8, 5, and 3 probe pairs each and the last 8 probes were separately added to the
ligation mix. The latter 8 probes were also stored in a concentration of 5 µM
at −20℃ in single-use aliquots. It was observed that a combination of these 8
probes in a probe premix that was not frozen before use did not result in high
background signals. This clearly illustrates that the storage and combination
of probes may have an impact on the background signals and therefore on the
signal-to-noise ratios.
3.3.2 DNA isolation
A simple, time- and cost-efficient method for DNA isolation is preferable for
routine purposes. Heat lysis of bacterial cultures meets these requirements and
was previously described in literature (Bergval et al. 2012; Stucki et al. 2012;
Thierry et al. 2013) for preparation of a DNA template for a MOL-PCR assay.
Therefore, in the first experiment, different methods for DNA isolation by heat
lysis were compared. The reference condition was heat lysis of a single colony in
300 µl sterile deionised water, which was previously used for PCR screening of
the markers. Test conditions with more concentrated DNA template were heat
lysis of a single colony in 100 µl or 50 µl sterile deionised water or in 20 µl of
InstaGene Matrix, which is a commercial kit. By using DNA of a single colony,
potential inaccurate characterisation results assignable to a possible mixture of
different strains can be avoided, which is not the case when DNA is isolated
from, for example, liquid cultures or multiple colonies. Other parameters for
this MOL-PCR assay are shown in Table 3.1 as experiment 1.
A boxplot of the signal-to-noise ratios for the different methods of DNA isolation
is given in Figure 3.2. The two-sided hypothesis test did not demonstrate a
significant difference between the positive signal-to-noise ratios of a single
colony in 300 µl and 100 µl sterile deionised water. P values of one-sided
hypothesis tests between reference and a single colony in 50 µl sterile deionised
water and between reference and a single colony in 20 µl InstaGene Matrix
indicated significant improvements by the test conditions. This significant
difference can be explained by the higher MFI values that were obtained for the
test panel with DNA templates of heat lysis in 50 µl water and in InstaGene
Matrix in comparison to the reference condition (Dataset S.1 in the supporting
information). More concentrated DNA is thus beneficial for the MOL-PCR
assay. The boxplot shown in Figure 3.2 indicates that heat lysis in InstaGene
Matrix results in higher signal-to-noise ratios than heat lysis in 50 µl deionised
water. However, heat lysis of a single colony in 50 µl sterile deionised water is
preferred over heat lysis of a single colony in InstaGene Matrix, since heat lysis
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in water is cheaper than heat lysis in InstaGene Matrix, which makes heat lysis
in water more convenient for DNA isolation in a routine method for bacterial
pathogen characterisation.
3.3.3 Multiplex oligonucleotide ligation
Next, the impact of the ligation mix with the concentration of the probes,
the added volume of DNA template and the quantity of Taq DNA ligase
enzyme, and of the time of initial denaturation of the DNA during the multiplex
oligonucleotide ligation was evaluated.
In the literature, the concentration of the probes ranges from 0.25 nM (Bergval
et al. 2012) up to 10 µM (Thierry et al. 2013). To evaluate the effect of the
probe concentration on the signal-to-noise ratio, the concentration of each of the
40 probes in the ligation mix was tested at 1 nM and 5 nM (Deshpande et al.
2010) with 2 nM (Stucki et al. 2012) as reference condition. Other parameters
for this MOL-PCR assay are shown in Table 3.1 as experiment 2.
A boxplot of the signal-to-noise ratios for the different probe concentrations is
given in Figure 3.3. For both 1 nM and 5 nM probe concentrations, the one-sided
hypothesis tests demonstrated significant differences in favour of the reference
condition. Compared to the reference condition of 2 nM probe concentration,
higher MFI values were seen for the NTC at 1 nM probe concentration (Dataset
S.2) and lower MFI values for expected positive results in the test panel at 5 nM
probe concentration (Dataset S.3). The total amount of probes in a MOL-PCR
reaction seems to be a crucial factor. Therefore, the optimal individual probe
concentration might be dependent on the level of multiplex of the MOL-PCR
assay, as remarked in literature (Bergval et al. 2012; Stucki et al. 2012) and
based on our own experience. Indeed, the MLPA assay of Bergval et al. (2012)
included 47 informative probe pairs (high multiplex level) and hybridisation
occurred at a concentration of 0.25 nM of each probe, whereas a concentration
of 5 nM of each probe gave high signal-to-noise ratios for positive results in
our initial MOL-PCR tests with 6 probe pairs (low multiplex level) (data not
shown). At an intermediate level of multiplex, the MOL-PCR assay of Stucki
et al. (2012) which interrogated 8 SNPs with 3 probes per SNP used a protocol
with an intermediate concentration of 2 nM of each probe.
As the cost of a routine assay should be kept as low as possible, the number of
Taq DNA ligase units is an important aspect for optimisation, since enzymes are
a key factor in the cost of a reaction. In experiment 3, the combination of the
number of ligase enzyme units and the volume of DNA template in the ligation
mix was evaluated, since a possible higher yield of ligated probe pairs due to a
higher concentration of enzyme might be restricted by the availability of DNA
template. As reference condition the combination of 2 µl DNA template with 2
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Figure 3.2: Boxplot of signal-to-noise ratios for different methods of DNA
isolation. Results of one of 2 independent tests are presented, that is, results of
6 isolates × 4 conditions = 24 MOL-PCR assays (for each of the 4 conditions:
ntotal = 120 with nneg = 64 and npos = 56). 300ul: single colony in 300 µl
sterile deionised water; 100ul: single colony in 100 µl sterile deionised water;
50ul: single colony in 50 µl sterile deionised water; IGM: single colony in 20 µl
InstaGene Matrix; neg: expected negative results; pos: expected positive results;
R: reference condition; *: statistically significant difference with the reference
condition.
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units of ligase enzyme, the least expensive, was taken, whereas test conditions
were all 5 other combinations of 2 or 4 µl DNA template (Stucki et al. 2012;
Thierry et al. 2013) with 2, 4 (Stucki et al. 2012), or 6 units of ligase enzyme
(see Table 3.1 for other parameters of this MOL-PCR assay).
A boxplot of the signal-to-noise ratios for the different conditions is presented in
supplementary Figure S.1 in the supporting information. One-sided hypothesis
tests indicated significant differences in support of the reference condition for
all test conditions. With increasing units of ligase enzyme in combination with
2 µl of DNA template, increasing MFI values for the NTC were seen (Dataset
S.4), which caused declining signal-to-noise ratios. At 2 units of ligase enzyme,
MFI values for the test panel were generally lower for 4 µl of DNA template
than for 2 µl of DNA template (Dataset S.5), which might be explained by
inhibition of the ligation reaction because of impurities in the DNA extract.
Therefore, pure DNA extracted from liquid cultures with a commercial kit might
ameliorate the ligation reaction when more template DNA is used. However, a
trade-off should be made between the advantage of using pure DNA and the
associated disadvantages of cost, time, and possible strain variations occurred
during culturing.
In a fourth experiment, the initial denaturation of the DNA template was
considered. An initial denaturation of 10 min at 95℃ was previously used in
the PCR for screening of the markers. However, as a longer time at an elevated
temperature may have a negative effect on the activity of the ligase enzyme, a
shorter initial denaturation time was tested. An initial denaturation of 5 min
and 10 min at 95℃ served as reference and test condition, respectively (see
Table 3.1 for other parameters of this MOL-PCR assay).
A boxplot of the signal-to-noise ratios for the different initial denaturation times
is shown in supplementary Figure S.2. A significant difference in favour of the
longer initial denaturation time is demonstrated by a one-sided hypothesis test.
This can be explained by slightly higher MFI values for the NTC at 5 min
initial denaturation, while the MFI values for the test panel stays at the same
level with both denaturation times (Dataset S.6). As such, a potential higher
activity of the ligase enzyme due to a shorter time of denaturation at an elevated
temperature does not produce high enough MFI values for the test panel to
counteract the increased MFI values of the NTC (Dataset S.6).
3.3.4 Singleplex polymerase chain reaction
Subsequently, the singleplex PCR was assessed at the volume of ligation product
added, the number of DNA polymerase units used, and the number of PCR
cycles performed.
In experiment 5, addition of 3 µl (Stucki et al. 2012) or 5 µl (half of the total
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Figure 3.3: Boxplot of signal-to-noise ratios for different probe concentrations
in the ligation mix. Results of one of 2 independent tests are presented, that is,
results of 6 isolates × 3 conditions = 18 MOL-PCR assays (for each of the 3
conditions: ntotal = 120 with nneg = 64 and npos = 56). neg: expected negative
results; pos: expected positive results; R: reference condition; *: statistically
significant difference with the reference condition.
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volume) of ligation product to the PCR mix was compared (see Table 3.1 for
other parameters of this MOL-PCR assay) and supplementary Figure S.3 shows
the resulting signal-to-noise ratios. A two-sided hypothesis test did not provide
sufficient evidence for a significant difference between both volumes of ligation
product. Yet, we selected 3 µl of ligation product as optimal condition, because
the ligation reaction volume is 10 µl and after taking 3 µl of the ligation product
there would still be enough ligation product left to repeat the PCR if necessary.
As already indicated in the multiplex oligonucleotide ligation reaction, enzymes
are an important cost in an assay. However, a balance should be sought
between cost and efficacy of the reaction. Therefore, 0.25 units and 0.5 units of
HotStarTaq DNA polymerase were evaluated in experiment 6 (see Table 3.1 for
other parameters of this MOL-PCR assay), for which the resulting signal-to-
noise ratios are given in supplementary Figure S.4. A one-sided hypothesis test
pointed out a significant difference in support of 0.25 units of DNA polymerase.
Indeed, the MFI values for the NTC with 0.5 units of DNA polymerase were
elevated such that, although higher MFI values for the test panel were obtained,
the signal-to-noise ratios were considerably lower than those of the PCR with
0.25 units DNA polymerase (Dataset S.7).
These results are in line with the recommendations of Qiagen (Qiagen 2010) to
use 2.5 units of HotStarTaq DNA polymerase in a PCR reaction with a total
volume of 100 µl, which corresponds to 0.25 units of DNA polymerase in a 10 µl
PCR reaction.
A higher number of cycles in the PCR reaction may produce higher MFI values
for positive results but also increases the turnaround time of the assay. The
number of PCR cycles ranges in the literature from 35 (Bergval et al. 2012)
up to 45 (Deshpande et al. 2010; Thierry et al. 2013) and Luminex (Angeloni
et al. 2014) suggests 35 cycles for PCR. To evaluate if a higher number of
PCR cycles had a positive influence on the signal-to-noise ratios, 40 cycles
were tested. Supplementary Figure S.5 illustrates the signal-to-noise ratios for
35 and 40 PCR cycles (see Table 3.1 for other parameters of this MOL-PCR
assay). A significant difference in favour of 35 PCR cycles was demonstrated by
a one-sided hypothesis test. Compared to the PCR with 35 cycles, the PCR
with 40 cycles resulted in higher MFI values for the test panel, but they did
not lead to increased signal-to-noise ratios caused by raised MFI values for the
NTC (Dataset S.8).
3.3.5 Thermal cycler used for the MOL-PCR assay
During the evaluation experiments, it was observed that the thermal cycler
had an influence on the MFI values for the NTC (data not shown). When the
multiplex oligonucleotide ligation or the PCR or both reactions were performed
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on an iCycler (Bio-Rad), higher MFI values for the NTC were obtained than for
MOL-PCR assays completely run on a Swift MaxPro (Esco) thermal cycler. An
apparent difference between both thermal cyclers is the maximum heating and
cooling rate, which is 3.3℃/s and 2.0℃/s for, respectively, heating and cooling
in the iCycler, and 4℃/s for both heating and cooling in the Swift MaxPro
thermal cycler. A lower ramp rate might thus enhance cross-reactivity of the
probes, which is measured through the NTC. This parameter should be checked
before starting the MOL-PCR assay development.
3.3.6 Hybridisation to microspheres and analysis on Luminex
platform
For optimisation of the hybridisation of the PCR product to the MagPlex-TAG
microspheres and read-out on a MAGPIX device, the volume of PCR product
added, the amount of microspheres, concentration of SAPE in the reporter mix,
and the type of reporter dye were taken into account.
The manufacturer’s no-wash protocol for hybridisation to MagPlex-TAG
microspheres (Angeloni et al. 2014) recommends addition of 2.5 µl of PCR
product to the microsphere mix for the hybridisation reaction, while in the
literature 5 µl (Thierry et al. 2013) to 10 µl (Deshpande et al. 2010; Bergval
et al. 2012; Stucki et al. 2012) is reported. A comparison was made with
2.5 µl of PCR product as reference condition and 5 µl of PCR product and
all (theoretically 10 µl) of the PCR product as test conditions (see Table 3.1
for other parameters of this MOL-PCR assay). The signal-to-noise ratios of
this experiment are shown in supplementary Figure S.6. Both test conditions
presented a significant difference against the reference condition as demonstrated
by one-sided hypothesis tests.
In view of an assay for routine use, addition of 5 µl of PCR product to the
hybridisation reaction is preferred over addition of all PCR product, since
standardisation of the assay is more straightforward with well-defined volumes.
The main costs in a MOL-PCR assay are the microspheres and SAPE as a
fluorescent reporter. In the literature, 312.5 (Stucki et al. 2012) up to 5000
(Deshpande et al. 2010) microspheres of each region are used per reaction. In
experiment 9, an amount of 2500 microspheres of each region per reaction in
combination with a concentration of 10 µg/ml of SAPE in the reporter mix
was taken as reference condition, as suggested in the Luminex no-wash protocol
(Angeloni et al. 2014). The test conditions were all 5 other combinations of
2500, 375, or 750 microspheres of each region per reaction in combination with
a concentration of 4 or 10 µg/ml SAPE in the reporter mix (see Table 3.1 for
other parameters of this MOL-PCR assay).
Figure 3.4 illustrates the signal-to-noise ratios of this experiment. One-
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sided hypothesis tests indicated significant improvements of all test conditions
compared to the reference condition. Indeed, MFI values for the test panel
were lower for an amount of 2500 microspheres in combination with both 4 and
10 µg/ml SAPE in the reporter mix than for all other combinations (Dataset S.9).
In addition, a SAPE concentration of 10 µg/ml in the reporter mix resulted in
higher MFI values for the NTC at all 3 amounts of microspheres (Dataset S.10).
These findings lead to the conclusion that the reference condition generates the
lowest signal-to-noise ratios for expected positive results.
At a SAPE concentration of 4 µg/ml in the reporter mix, an amount of 750
microspheres of each region per reaction is preferred over 375 microspheres of
each region per reaction, because microspheres counts below 50, which is the
minimum bead count recommended by Luminex, were observed during analysis
of reactions with 375 microspheres of each region.
A last experiment compared the use of SAPE and Alexa 532 as fluorescent
reporter for the read-out on a MAGPIX device (see Table 3.1 for other
parameters of this MOL-PCR assay). SAPE is recommended by Luminex
as most suitable fluorescent reporter (100% relative fluorescence intensity) and
Alexa 532 (28%) as second and Cy3 (19%) as third most suitable fluorescent
reporter (Luminex Corporation 2014). The use of a T3 primer coupled with
Alexa 532 (Deshpande et al. 2010; Stucki et al. 2012) or Cy3 (Bergval et al.
2012) has the advantage that an incubation with reporter mix is not needed, in
contrast to a T3 primer coupled with biotin which binds to SAPE during the
incubation with reporter mix.
The resulting signal-to-noise ratios of experiment 10 are given in supplementary
Figure S.7. A one-sided hypothesis test demonstrated a significant difference in
support of SAPE as fluorescent reporter. MFI values for both test panel and
NTC are considerably lower with Alexa 532 as fluorescent reporter compared to
SAPE, with decreased signal-to-noise ratios as a consequence with Alexa 532.
As Alexa 532 did not perform better than SAPE and given that the relative
fluorescence intensity of Cy3 is even lower than that of Alexa 532, Cy3 was not
further tested.
3.4 Conclusion
By systematically optimising different parameters at each step of the assay, we
have improved a MOL-PCR assay from an assay with no clear difference between
positive and negative results (Figure 3.2) to an assay of which the signal-to-noise
ratios present a clear difference between positive and negative results (Figure
3.4). A summary of the effect of each of the optimised parameters on the signal-
to-noise ratios and on the cost of the assay is presented in Table 3.2. Evidently,
the parameters which have a major effect on signal-to-noise ratios and/or on
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Figure 3.4: Boxplot of signal-to-noise ratios for different combinations of amount
of microspheres in the hybridisation reaction and streptavidin-R-phycoerythrin
(SAPE) concentration in the reporter mix. Results of one of 2 independent
tests are presented, that is, results of 6 isolates × 6 conditions = 36 MOL-
PCR assays (for each of the 6 conditions: ntotal = 120 with nneg = 64 and
npos = 56). 2500: 2500 microspheres of each region per reaction were combined
in the microsphere mix; 375: 375 microspheres of each region per reaction were
combined in the microsphere mix; 750: 750 microspheres of each region per
reaction were combined in the microsphere mix; 4 ug: the reporter mix contained
4 µg/ml of SAPE; 10 ug: the reporter mix contained 10 µg/ml of SAPE; neg:
expected negative results; pos: expected positive results; R: reference condition;
*: statistically significant difference with the reference condition.
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cost should be prioritised in an optimisation procedure during the development
of a similar assay. Major improvements were obtained with changing the method
of DNA isolation, lowering the probe concentration in the multiplex ligation
mix, and reducing the amount of microspheres of each set per reaction and the
concentration of SAPE in the reporter mix (Figure 3.1). We also found that the
combination of probe pairs in a frozen premix and the type of thermal cycler
used for the multiplex ligation and the singleplex PCR have an influence on
the background signals measured through the NTC. These observations are
taken into account during the currently ongoing development and validation
of a full MOL-PCR assay for the subtyping of S. Typhimurium (Wuyts et al.
2015b). However, evaluation of the parameters for which a significant impact
on the signal-to-noise ratios was seen, is worthwhile for characterisation of any
microbial pathogen if the cost and effort of a MOL-PCR assay are important.
Supporting information
Supplementary Figures S.1 up to S.7 and supplementary Datasets S.1 up to
S.10 are available at http://downloads.hindawi.com/journals/bmri/2015/
790170.f1.pdf (file format: pdf).
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Abstract
Subtyping below the serovar level is essential for surveillance and outbreak
detection and investigation of Salmonella enterica subsp. enterica serovar
Typhimurium (S. Typhimurium) and its monophasic variant 1,4,[5],12:i:-
(S. 1,4,[5],12:i:-), frequent causes of foodborne infections. In an attempt to
overcome the intrinsic shortcomings of currently used subtyping techniques, a
multiplex oligonucleotide ligation-PCR (MOL-PCR) assay was developed which
combines different types of molecular markers in a high-throughput microsphere
suspension array. The 52 molecular markers include prophage genes, amplified
fragment length polymorphism (AFLP) elements, Salmonella genomic island 1
(SGI1), allantoinase gene allB, MLVA locus STTR10, antibiotic resistance genes,
single nucleotide polymorphisms (SNPs) and phase 2 flagellar gene fljB. The in
vitro stability of these markers was confirmed in a serial passage experiment.
The validation of the MOL-PCR assay for subtyping of S. Typhimurium and
S. 1,4,[5],12:i:- on 519 isolates shows that the method is rapid, reproducible,
flexible, accessible, easy to use and relatively inexpensive. Additionally, a
100% typeability and a discriminatory power equivalent to that of phage typing
were observed, and epidemiological concordance was assessed on isolates of 2
different outbreaks. Furthermore, a data analysis method is provided so that
the MOL-PCR assay allows for objective, computerised data analysis and data
interpretation of which the results can be easily exchanged between different
laboratories in an international surveillance network.
INTRODUCTION 73
4.1 Introduction
Salmonella, one of the major causes of foodborne infections worldwide, is
reported to be responsible for about 85,000 human illnesses each year in Europe,
with an approximate hospitalisation rate of 36%, and every year, nontyphoidal
salmonellosis is accountable for 59 deaths (European Food Safety Authority
(EFSA) and European Centre for Disease Prevention and Control (ECDC)
2015).
Salmonella is a complex genus with 2 species, 6 subspecies and 2659 serovars
(Grimont and Weill 2007; Issenhuth-Jeanjean et al. 2014). In Europe, near 29%
of the reported human salmonellosis cases are attributed to Salmonella enterica
subsp. enterica serovar Typhimurium (S. Typhimurium) and its monophasic
variant S. enterica subsp. enterica serovar 1,4,[5],12:i:- (S. 1,4,[5],12:i:-), making
them the second and third most commonly reported serovars after S. enterica
subsp. enterica serovar Enteritidis (about 40% of the reported cases) (European
Food Safety Authority (EFSA) and European Centre for Disease Prevention and
Control (ECDC) 2015). Once serotyped as S. Typhimurium or S. 1,4,[5],12:i:-,
different techniques are applied for further subtyping of the isolate below the
serovar level, which is necessary for surveillance, outbreak detection or outbreak
investigation. The classical phage typing technique is nowadays complemented
with molecular methods for which pulsed-field gel electrophoresis (PFGE) is
considered the gold standard. Other molecular methods used for subtyping of
S. Typhimurium are multiple-locus variable-number of tandem repeats analysis
(MLVA), multilocus sequence typing (MLST) and clustered regularly interspaced
short palindromic repeats (CRISPR) genotyping. Advantages and disadvantages
of each of these techniques have been discussed previously (Boxrud 2010; Wattiau
et al. 2011; Sabat et al. 2013) and, although proven to have additional value
for subtyping, each of these techniques has one or more attributes that do not
correspond to the ideal subtyping method, which should be inexpensive, rapid,
straightforward to execute, highly discriminative, robust, universally applicable
for a wide range of bacterial pathogens and generating objective data, which can
be easily interpreted and transferred between different laboratories (Wattiau
et al. 2011; Sabat et al. 2013).
In recent years, whole genome sequencing (WGS) has been introduced and
promoted as the ultimate subtyping method for each pathogen (Sabat et al.
2013), and several Salmonella epidemiological investigations reporting its added
value have been published (some recent examples: Angelo et al. 2015; Ashton
et al. 2015; Deng et al. 2015; Octavia et al. 2015). However, although sequencing
may eventually have similar costs as other subtyping methods, the turn-around-
time from sample to completely analysed data for this technology is not to be
neglected (> 24 hours). Moreover, there are still many laboratories which do not
have the resources for the substantial investments, both at the level of equipment
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as of data analysis, nor have the required high-throughput that is needed to
obtain these low sequencing costs (European Food Safety Authority (EFSA)
2014). Therefore, new molecular assays which complement existing subtyping
methods and which do not demand high-end equipment nor complex data
analysis still have a role to play in these laboratories before WGS will become
the gold standard in all European National Reference Laboratories and Centres.
Molecular subtyping of S. Typhimurium below the serovar level requires multiple
markers and for the time-effectiveness of the assay, these markers should be
combined in a multiplex assay. A multiplex prophage marker subtyping method
was developed by Fang et al. (2012). In this assay, 30 prophage-related markers
were amplified in 2 separate 15-plex PCRs and the amplicons were analysed with
the Luminex xMAP technology in a direct hybridisation assay. In this type of
assay, the fluorescent amplicons from a multiplex PCR are hybridised to marker-
specific probes, which are covalently coupled to carboxylated microspheres.
As different probes are linked to differently coloured microspheres, absence
or presence of a marker can be detected in a Luminex device by determining
the microsphere colour, and thus the marker, and checking the presence of a
hybridised amplicon through its fluorescence. Further refinement of the assay
of Fang et al. (2012) would necessitate inclusion of more markers, which could
be challenging due to the limited multiplexing capacity of a PCR. Multiplex
ligation-dependent probe amplification (MLPA) (Schouten et al. 2002) allows a
higher multiplexing capacity than multiplex PCR, since the multiplex phase
is a ligation which is then followed by a singleplex PCR. However, MLPA
requires an overnight hybridisation step, which makes it a relatively extended
protocol. For the rapid detection of biothreat agents, Deshpande et al. (2010)
shortened the MLPA protocol by performing the hybridisation and ligation in
a thermal cycling step and introduced the Luminex xTAG technology, based
on microspheres with anti-TAG sequences pre-coupled to their surface, for the
analysis of the PCR products, where the original MLPA protocol relies on
fragment sizing by electrophoresis. The resulting multiplex oligonucleotide
ligation-PCR (MOL-PCR) allows the detection of a combination of different
types of molecular markers, such as single nucleotide polymorphisms (SNPs),
unique sequences, insertions and deletions.
MOL-PCR and MLPA have already been described for characterisation and
subtyping of pathogens (Beyene et al. 2009; Bergval et al. 2012; Stucki et al.
2012; Pham Thanh et al. 2013; Thierry et al. 2013; Cornelius et al. 2014),
but also for the detection of bacteria (Deshpande et al. 2010; Chung et al.
2012; Berning et al. 2014) and viruses (Reijans et al. 2008; Theelen et al. 2010;
De Smet et al. 2012) and for diagnosis of human genetic diseases (Schouten
et al. 2002; Slater et al. 2004; Xu et al. 2013; Garin et al. 2014; Kasatkar
et al. 2014; Marcinkowska-Swojak et al. 2014). Here, we describe a MOL-
PCR for subtyping of S. Typhimurium that attempts to overcome the major
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disadvantages of the currently used subtyping methods, including those of
previously described Luminex assays for Salmonella. The assay combines
markers including prophage genes, amplified fragment length polymorphism
(AFLP) elements, Salmonella genomic island 1 (SGI1), allantoinase gene allB,
MLVA locus STTR10, antibiotic resistance, SNPs and phase 2 flagellar gene
fljB. We elaborate on the development of the assay, report the validation of the
subtyping method on a large collection of S. Typhimurium and S. 1,4,[5],12:i:-
isolates and provide an analysis method for use in routine subtyping.
4.2 Materials and methods
4.2.1 Bacterial isolates
All S. Typhimurium and S. 1,4,[5],12:i:- isolates were received from the Belgian
National Reference Centre for Salmonella and Shigella and are listed in
Dataset S1 in the supporting information. All isolates are available upon
request. The validation panel of 519 human S. Typhimurium and S. 1,4,[5],12:i:-
isolates (S0001-S0519 in Dataset S1) collected in Belgium in the period 2010-
2013 contained 33 different phage types, including 29 not-typable (NT) and 39
reacts-but-does–not-conform (RDNC) isolates, and covered 168 distinct MLVA
profiles. Additionally, 13 S. Typhimurium and S. 1,4,[5],12:i:- isolates related to
2 different Belgian outbreaks were used in this study. Out-group isolates were
isolated around the same time as the corresponding outbreak. Phage typing
(Threlfall and Frost 1990) and MLVA (Lindstedt et al. 2004; Larsson et al. 2009)
were performed by the Belgian National Reference Centre for Salmonella and
Shigella.
4.2.2 Pulsed-field gel electrophoresis
PFGE (Hunter et al. 2005; Ribot et al. 2006) was performed according to the
PulseNet Europe protocol (PulseNet International 2015a). Genomic DNA was
digested with XbaI restriction enzyme and XbaI-digested genomic DNA of S.
enterica subsp. enterica serovar Braenderup was used as a size marker. For the
PFGE analysis, 53 S. Typhimurium and S. 1,4,[5],12:i:- isolates representing
one of the 3 most frequently observed MOL-PCR profiles were selected from the
validation panel. This selection was made in order to include a high variability
of phage types in combination with MLVA profiles. The 53 isolates were run
on 4 separate gels. PFGE patterns were analysed with Bionumerics (version
7.1; Applied Maths). A dendrogram was created with following similarity-based
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clustering parameters: unweighted pair group method using arithmetic averages
(UPGMA) with Dice similarity coefficient and 1.0% optimisation and tolerance
settings.
4.2.3 DNA isolation
DNA template was prepared by heat lysis. Hereto, a single colony from an
overnight (14 to 20 h) culture at 37℃ on LB agar (Merck Millipore) was dissolved
in 50 µl sterile deionised water and incubated at 100℃ in a heating block for
10 min. After cooling for a minimum of 5 min at 4℃ and centrifugation for
10 min at 11,000 × g, the supernatant was stored at −20℃ and used for further
analysis.
4.2.4 Selection of molecular markers
The first step in the selection of molecular markers consisted of a literature study
(Boyd et al. 2001; Hu et al. 2002; Lindstedt et al. 2004; Mikasová et al. 2005;
Ross and Heuzenroeder 2005; Hu et al. 2006; Drahovská et al. 2007; Lan et al.
2007; Rychlík et al. 2008; Fang et al. 2012; Pang et al. 2012) to identify molecular
markers which could potentially discriminate between S. Typhimurium isolates
and to find molecular markers which could serve as internal positive control of
the Salmonella DNA template. In the second step, the molecular markers that
could be informative through presence or absence, i.e., SAL-1 up to SAL-55
in Table S1 in the supporting information, were screened by PCR and gel
electrophoresis. For this PCR screening, 27 S. Typhimurium and S. 1,4,[5],12:i:-
isolates of common phage types in Belgium (DT12, DT104, DT120, DT193,
DT195 and U302) (Bertrand et al. 2014) were selected and complemented with
1 NT isolate, 1 RDNC isolate and 1 isolate of an uncommon phage type in
Belgium (DT35) (isolates S0001-S0030 in Dataset S1). DNA was isolated by
heat lysis as described above, except that 300 µl sterile deionised water was used
instead of 50 µl. The PCR was performed in a final reaction volume of 25 µl
including 1× DreamTaq buffer (Thermo Fisher Scientific), 200 to 500 nM of
forward and reverse primer (Table S1), 200 µM of each dNTP (Thermo Fisher
Scientific), 0.625 U DreamTaq DNA polymerase (Thermo Fisher Scientific)
and 2 µl DNA template. The following protocol was run in a thermal cycler:
10 min at 95℃, 35 cycles of 30 s at 94℃, 30 s at 45 to 60℃ (Table S1) and
1 min at 72℃, 10 min at 72℃. PCR products were visualised by agarose gel
electrophoresis with ethidium bromide staining.
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4.2.5 Probe design
Upstream and downstream probes were designed with Visual OMP (version
7.6.58.0; DNA Software) as previously described (Wuyts et al. 2015c). For
markers for which a primer pair was reported in literature, it was attempted
to take the forward or reverse primer as the target-specific sequence of the
upstream probe. For SNP markers, except for an internal positive control
marker, a probe with the wild-type allele was also included in the assay.
4.2.6 MOL-PCR assay protocol
The MOL-PCR assay parameters were optimised as previously described (Wuyts
et al. 2015c).
The selected markers were divided over three MOL-PCRs, i.e., MOL-PCR_1,
MOL-PCR_2 and MOL-PCR_SNP, as listed in Table 4.1.
The multiplex oligonucleotide ligation reaction occurred in a 10 µl volume
with 1× Taq DNA ligase reaction buffer (New England BioLabs), 2 nM of
each probe (Tables S2, S3 and S4, Eurogentec), 2 U of Taq DNA ligase (New
England BioLabs), 2 µl of DNA template and nuclease-free distilled water
(Thermo Fisher Scientific). The thermal cycling programme (Swift MaxPro,
Esco) included 10 min of denaturation at 95℃ followed by 30 cycles of 25 s at
94℃ and 30 s at 58℃.
The singleplex PCR was performed in a final volume of 10 µl composed of 1×
HotStarTaq PCR buffer (Qiagen), 125 nM T7 primer (TAATACGACTCAC-
TATAGGG, Eurogentec), 500 nM 5’-biotin-T3 primer (ATTAACCCTCAC-
TAAAGGGA, Eurogentec), 200 µM of each dNTP (Thermo Fisher Scientific),
0.25 U HotStarTaq DNA polymerase (Qiagen) and 3 µl of ligase product. The
PCR protocol was 15 min at 95℃, 35 cycles of 30 s at 94℃, 30 s at 60℃ and
30 s at 72℃, 5 min at 72℃ (Swift MaxPro, Esco).
The necessary regions (Tables S2, S3 and S4) of MagPlex-TAG microspheres
(Luminex) were diluted to 750 microspheres of each region per reaction in
1.25× Tm hybridisation buffer (0.125 M Tris-HCl pH 8.0 (Sigma), 0.25 M NaCl
(Sigma), 0.1% Triton X-100 (Sigma) in nuclease-free distilled water (Thermo
Fisher Scientific), sterilised by filtration (0.2 µm)). In a total volume of 25 µl,
5 µl of the PCR product was combined with the microsphere mix to a final
concentration of 1× Tm hybridisation buffer (0.1 M Tris-HCl pH 8.0 (Sigma),
0.2 M NaCl (Sigma), 0.08% Triton X-100 (Sigma) in nuclease-free distilled water
(Thermo Fisher Scientific), sterilised by filtration (0.2 µm)). In a thermal cycler,
the samples were denatured for 90 s at 96℃ and hybridisation to anti-TAGs on
the microspheres occurred for 30 min at 37℃. Hundred microlitres of a reporter
mix including 4 µg/ml of streptavidin-R-phycoerythrin (SAPE) (Thermo Fisher
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Scientific) in 1× Tm hybridisation buffer was added to each sample and after
incubation for 15 min at 37℃ in a thermal cycler, 100 µl of the sample was
analysed on a MAGPIX device (Luminex). The analysis was performed at 37℃.
The protocol included a sample wash in the MAGPIX device and the minimum
bead count was 50 microspheres of each region.
A negative control and a positive control for the reaction were included in
each assay, except for the SNP assay in which only a negative control was
included, since the wildtype allele acted as a positive control for the reaction.
The negative control was a no-template-control (NTC) for which the DNA
template was replaced by nuclease-free distilled water (Thermo Fisher Scientific)
in the multiplex oligonucleotide ligation reaction. For the positive control DNA
template, a single colony of each of five different isolates (i.e., samples S0001,
S0002, S0024, S0025 and S0050 in Dataset S1) was mixed in one tube with
50 µl sterile deionised water, which was treated as described in the section DNA
isolation. Other isolates, separate or mixed, can be used as positive control
for the reaction, as long as the performance of the reaction is verified for all
markers in the MOL-PCR assay.
4.2.7 PCR amplicon sequencing
For confirmation of the MOL-PCR results, PCR amplicons were sequenced on
an ABI 3130xl Genetic Analyzer (Applied Biosystems). If primers were not
available in literature, they were designed with Visual OMP (version 7.6.58.0;
DNA Software). The amplicons were obtained by PCR as described above for
the PCR screening with primers listed in Table S1 and were cleaned up before
sequencing with ExoSAP-IT (Affymetrix) according to the manufacturer’s
protocol. Sequence alignments were made with ClustalW in MegAlign (version
10.0.1 (3), 419; DNASTAR).
4.2.8 Specificity of the internal positive control markers
The specificity of the internal positive control markers was tested by performing
a MOL-PCR reaction with these probes on bacteria that are unrelated and
closely related to Salmonella and on Salmonella isolates of other serovars than
Typhimurium, but which are common in Belgium (Table S5) (Bertrand et al.
2014). All isolates used in this part of the development of the MOL-PCR assay
were available in our laboratory as purified DNA (Barbau-Piednoir et al. 2013).
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4.2.9 Stability study
The in vitro stability of the selected molecular markers was evaluated in 31
S. Typhimurium and S. 1,4,[5],12:i:- isolates (indicated in Dataset S1 in column
‘Stability_experiment’ with ‘1’ if included) with a common phage type in
Belgium as follows: for each isolate, a single colony from a culture grown
overnight on LB agar (Merck Millipore) at 37℃ was inoculated into 5 ml LB
broth (Thermo Fisher Scientific) and incubated overnight at 37℃ without
shaking. Next, a series of 50 passages at a rate of two passages per day was
performed by inoculating 20 µl of culture into 5 ml fresh LB broth and incubating
at 37℃ without shaking. Glycerol (25% v/v) stocks (−80℃) were made before
each 5th passage. DNA was isolated after the 50th passage as described above.
4.2.10 Data analysis
The output of the MAGPIX device includes the median fluorescence intensity
(MFI) value for each marker in a comma-separated values file. These MFI
values were read into R software (version 3.1.2) (R Core Team 2014). Signal-
to-noise ratios (SN) were calculated by dividing the MFI of the sample by the





For analysis of SNP markers, a SNP allele call was calculated by dividing the
signal-to-noise ratio of the SNP marker by the sum of the signal-to-noise ratio
of the SNP marker and the signal-to-noise ratio of its corresponding wild-type
(WT) marker (4.2). Analogously, a wild-type allele call was calculated by
dividing the signal-to-noise ratio of the wild-type marker by the sum of the
signal-to-noise ratio of the wild-type marker and the signal-to-noise ratio of its
corresponding SNP marker (4.3).
Allele call_SNPsample xSNP a =
SNsample xSNP a
SNsample xSNP a + SNsample xWT a
(4.2)
Allele call_WTsample xWT a =
SNsample xWT a
SNsample xWT a + SNsample xSNP a
(4.3)
4.2.11 Data interpretation
During the development of the MOL-PCR assay, a universal cut-off value of
3 on the signal-to-noise ratio was used to determine the positive samples for
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markers that discriminate through presence or absence. For future application
of the MOL-PCR as a routine subtyping assay, the cut-off values were refined
for each of these markers after validation of the method on 519 S. Typhimurium
and S. 1,4,[5],12:i:-. Hereto, the average of the maximum signal-to-noise ratio
of the negative samples and the minimum signal-to-noise ratio of the positive
samples was calculated (Tables S6 and S7). These average cut-off values were
rounded to the nearest integer if the mean was greater than or equal to 3.75, to
3.5 if the mean was greater than or equal to 3.25 and smaller than 3.75 and to
3 if the mean was smaller than 3.25. For the SNP markers, the cut-off was set
to 0.6 on the allele call, i.e., if the SNP allele call is greater than 0.6, then the
SNP allele is assigned to the sample or if the wild-type allele call is greater than
0.6, then the wild-type allele is assigned to the sample. For the internal positive
control markers, the cut-off value for the signal-to-noise ratio was calculated by
rounding down the minimum signal-to-noise ratio of the positive samples to the
nearest integer.
For the SNP markers, an additional cut-off was calculated on the MFI values
to determine if the SNP locus was present, i.e., if the probes could hybridise to
the SNP locus and subsequently be ligated and amplified. Hereto, the mean
was determined between the maximum MFI of the negative samples for the
allele and the minimum of the positive samples for the allele (Table S8). This
mean was rounded to the nearest multiple of 100 if the mean was greater than
or equal to 375 and to the nearest multiple of 50 if the mean was smaller than
375.
For the interpretation of multiplex data, each marker that discriminates through
presence or absence and each SNP marker is assigned a unique prime number.
If the marker is present in the sample, i.e., the signal-to-noise ratio or the SNP
allele call is higher than the cut-off value, the sample receives the prime number
of that marker. Otherwise, if the marker is absent, the sample receives ‘1’,
which is the neutral element in the multiplication, for that marker. As such,
the Gödel Prime Product (GPP) (Van den Bulcke et al. 2008; Van den Bulcke
et al. 2010) can be calculated as the product of all assigned prime numbers or
‘1’. Due to the nature of prime numbers, this GPP is a mathematical barcode
(Gödel 1931) for the sample so that a large number of results can be assigned
to a unique, arbitrary number, thereby simplifying data analysis on bacterial
populations. An advantage of the GPP is that through factorisation of the
GPP into its dividers, all discriminative markers present in the sample can be
identified. Likewise, if the GPP is divided by the prime number of a specific
marker, presence or absence of that marker will be indicated by, respectively,
an integer or non-integer outcome of the division.
As the subtyping assay combines three MOL-PCRs, a MOL-PCR profile consists
of three GPPs, i.e., GPPMOL-PCR_1 – GPPMOL-PCR_2 – GPPMOL-PCR_SNP.
Unique prime numbers were assigned to each discriminative marker within each
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separate MOL-PCR (Tables S6, S7 and S8). To keep the GPPs as small as
possible, the markers that were present in most samples received the lowest
prime number; the markers that were present in the least amount of samples
received the greatest prime number. As the GPPs may still result in a large
number, an in-house code was assigned by ordering the GPPs, separately for
each MOL-PCR, from the smallest to largest and numbering the GPPs starting
from 1 (Tables S9, S10 and S11). An example of such an in-house code is
16-12-8.
Since a MOL-PCR profile consists of 3 numbers, the profiles were visualised in a 3-
dimensional scatterplot in which the number of isolates in each MOL-PCR profile
was indicated with a colour code. This type of visualisation may be informative
for outbreak detection and can be realised in R software with the package
scatterplot3d (version 0.3-35) (Ligges and Mächler 2003). As GPPs may be high
numbers, the in-house code was used for each of the 3 axes in the scatterplot.
An example of a MOL-PCR profile is 3.91×1021-1.11×1013-4199, which is in-
house coded as MOL-PCR profile 33-28-10. The 3-dimensional scatterplot
is then generated as follows: the numeral for GPPMOL-PCR_1, 3.91×1021, is
in our example encoded as 33 and is plotted on the x-axis, the numeral for
GPPMOL-PCR_2, 1.11×1013, is in our example encoded as 28 and is plotted
on the y-axis, and the numeral for GPPMOL-PCR_SNP, 4199, is in our example
encoded as 10 and is plotted against the z-axis so that finally, MOL-PCR profile
33-28-10 is represented as a point in the 3-dimensional scatterplot. The colour
of a point indicates how many of the 519 isolates in the validation panel have
that specific MOL-PCR profile. In our example, the MOL-PCR profile 33-28-10
is represented in Figure 4.1 as the blue-green point in the top right corner,
which indicates that about 40 isolates of our validation panel had MOL-PCR
profile 3.91×1021-1.11×1013-4199, which was in-house coded as 33-28-10 (to
be precise, 38 of the 519 isolates in our validation panel had this MOL-PCR
profile).
An R-application for data analysis and interpretation, created with the package
Shiny (version 0.11.1) (Chang et al. 2015) and which takes the MAGPIX output
files as input, is available upon request.
4.2.12 Discriminatory power
Discriminatory power was calculated as the average probability that two
unrelated strains randomly sampled in the population are assigned a different




MOL-PCR consists of three main steps: firstly, a multiplex oligonucleotide
ligation of specific probes for detection of the molecular markers, secondly, a
PCR for signal amplification and finally, the hybridisation to MagPlex-TAG
microspheres and read-out on a Luminex device.
In the multiplex oligonucleotide ligation reaction, a different probe pair is
included for each marker in the assay. If both probes of such a probe pair
anneal adjacent to each other on the genomic DNA of the bacterial isolate to
be tested, they are ligated by a thermostable DNA ligase so that various single-
stranded DNA molecules are created that serve as a template in the subsequent
singleplex PCR with a universal primer pair, i.e., T7 and T3. The T3 primer is
5’ biotinylated for read-out on a Luminex device. The third step starts with
hybridisation of the PCR products to MagPlex-TAG microspheres, through a
TAG that is integrated in the marker-specific probes and that is complementary
to the anti-TAG covalently coupled to the surface of the microsphere. For each
marker in the assay, a different TAG and a different MagPlex-TAG microsphere
were used. Microspheres with a different anti-TAG have a different red colour
code, which allows them to be identified by measurement of the red colour.
After incubation with SAPE, a Luminex device will identify the microsphere
through its red colour, and thus the marker, and measures the fluorescence
signal of the SAPE to detect whether a PCR product has hybridised to the
anti-TAG coupled to the microsphere.
A total of 70 potentially discriminative markers, including all 30 markers from
the prophage subtyping assay of Fang et al. (2012), were selected from literature.
The selection consisted of 32 genes of prophages Fels-1, Fels-2, Gifsy-1, Gifsy-
2, P22, SopEϕ, SLP281, ST64B, ST64T, ST104 and ST104B (Mikasová et
al. 2005; Ross and Heuzenroeder 2005; Drahovská et al. 2007; Rychlík et al.
2008; Fang et al. 2012), 16 AFLP fragments (Lan et al. 2007; Fang et al.
2012), the left and right junction of SGI1 (Boyd et al. 2000; Rychlík et al.
2008), the allantoinase gene allB (Rychlík et al. 2008), MLVA locus STTR10
(Lindstedt et al. 2004), 12 SNPs (Pang et al. 2012), 5 antibiotic resistance
genes encoded in SGI1 for resistance to ampicillin, chloramphenicol/florfenicol,
streptomycin/spectinomycin, sulfonamides and tetracycline (Ng et al. 1999;
Boyd et al. 2002), and the phase 2 flagellar gene fljB for identification of
S. 1,4,[5],12:i:- (European Food Safety Authority (EFSA) Panel on Biological
Hazards 2010).
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4.3.2 Selection of molecular markers
PCR screening was performed on the prophage genes, AFLP fragments, the
left and right junction of SGI1 and the gene allB. Those markers which showed
variation in at least 2 of the 30 tested isolates, and thus have discriminatory
power, were selected for the MOL-PCR assay development. This criterion
resulted in the rejection of 15 prophage genes and 7 AFLP fragments, of which,
respectively, 6 and 5 markers were included in the prophage subtyping assay of
Fang et al. (2012). However, although all 30 isolates in the PCR screening were
negative for AFLP fragment markers SAL-36 (Fang et al. 2012), SAL-40 (Lan
et al. 2007) and SAL-43 (Fang et al. 2012), these markers were not excluded
since they showed variation among 8 DT1 S. Typhimurium isolates (S0031,
S0032, S0036, S0041, S0042, S0043, S0049 and S0050 in Dataset S1), which
were screened earlier to determine a positive control for the PCR with these
markers.
For each SNP marker, PCR amplicons were sequenced of at least one isolate
with the SNP allele and one isolate with the wild-type allele. PCR amplicons
were also sequenced for confirmation of MOL-PCR results that did not comply
with previous results of the PCR screening. The sequences of all PCR amplicons
confirmed the MOL-PCR assay results. For unpredicted negative MOL-PCR
results (SAL-20, SAL-38, SAL-47, SAL-58 and SAL-71), mismatches were
observed in the alignment of the PCR amplicon sequence and the target-specific
sequence of the upstream and downstream probes, which prevented adequate
annealing of the probes and explained why no ligation occurred. Polymorphisms
in the binding site of primer SAL-10-F may explain the negative results for
SAL-10 in the PCR screening for isolates S0007, S0023, S0025 and S0030 while
positive results for SAL-10 in the MOL-PCR were seen for these isolates. Indeed,
the target-specific sequence of the upstream and downstream probes of marker
SAL-10 (SAL-10-U and SAL-10-D) aligned perfectly with the PCR amplicons
generated for these isolates with primers SAL-10-R (same position as SAL-10-
U) and SAL-10-F-nested, which is located downstream of SAL-10-F. Primer
SAL-10-F was used in the PCR screening while SAL-10-F-nested was only used
for PCR amplicon sequencing.
During the development of the MOL-PCR assay for subtyping, SNP SAL-
57 was also eliminated, since no positive isolate could be identified and high
background MFI values, as measured through the NTC, were obtained, even
after redesigning of the probes.
As internal positive control markers, invasive gene invA (Barbau-Piednoir
et al. 2013) and a SNP in the β subunit of RNA polymerase encoding gene
rpoB (Hernández Guijarro et al. 2012) were selected. These markers target,
respectively, all Salmonella species and S. Typhimurium and its monophasic
variant S. 1,4,[5],12:i:-. To verify the specificity of markers invA and rpoB, the
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MOL-PCR assay was performed on isolates of species that are unrelated or
closely related to Salmonella and on isolates of other serovars of S. enterica
subsp. enterica. The results, summarised in Table S5, confirmed the specificity
of the internal positive control makers.
As such, a total of 50 discriminative markers and 2 internal positive control
markers were nominated for MOL-PCR assay development and these markers
were distributed over 3 MOL-PCRs as indicated in Table 4.1. Twenty-one out
of the 50 discriminative markers were also included in the subtyping assay of
Fang et al. (2012).
4.3.3 Stability study
The in vitro stability of the markers in the subtyping assay was examined by
comparing the MOL-PCR profiles of 31 S. Typhimurium and S. 1,4,[5],12:i:-
(indicated in Dataset S1 in column Stability_experiment with ‘1’ if included)
before and after an experiment of 50 serial passages in LB broth. No changes
were observed in the MOL-PCR profiles of all 31 isolates before and after the
50 serial passages.
4.3.4 Validation of the MOL-PCR assay for subtyping
For validation of the MOL-PCR assay for subtyping, the method was performed
twice in independent assays on a collection of 519 S. Typhimurium and
S. 1,4,[5],12:i:- isolates with a known phage type and MLVA profile, referred to
as the validation panel (S0001-S0519 in Dataset S1) and on 13 isolates related
to 2 different outbreaks (S0520-S0532 in Dataset S1). Each isolate was assigned
the same MOL-PCR profile in both independent assays.
In the validation panel, 51 different MOL-PCR profiles were observed, which are
presented in Figure 4.1 and in Dataset S1. The most common MOL-PCR profiles
are profiles 15-1-1 (in-house coded as 2-1-1), 255255-8843835-1155 (16-12-8),
15-3-1 (2-2-1) and 3.91×1021-1.11×1013-4199 (33-28-10) which were observed
for, respectively, 157 (30.3% of the isolates in the validation panel), 97 (18.7%),
86 (16.6%) and 38 (7.3%) isolates. All other profiles were detected in less than
15 isolates. The 341 S. Typhimurium isolates in the validation panel were
grouped into 44 different MOL-PCR profiles and the 178 S. 1,4,[5],12:i:- into
7 different MOL-PCR profiles. According to the MOL-PCR results, the fljB
gene could not be detected in all S. 1,4,[5],12:i:- isolates with the probe pair of
marker SAL-73.
Markers SAL-50 and SAL-51 for detection of the left and right junction of SGI1
were observed in isolates with phage types DT104, U302, DT12, DT120 and
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Figure 4.1: Visualisation of the 51 different MOL-PCR profiles (represented
by 51 points) observed in the validation panel of 519 S. Typhimurium and
S. 1,4,[5],12:i:- isolates with indication of the number of isolates in each profile,
using a colour code. The colour code is automatically adapted to the number
of isolates included in the data analysis with the R-application.
DT110, of which, to our knowledge, all but DT110 have already been reported
in literature (Boyd et al. 2002; Carattoli et al. 2002; Lawson et al. 2002).
The discriminatory power was calculated as Simpson’s index of diversity (D) on
the 519 isolates in the validation panel and was 0.84 for the MOL-PCR assay,
0.84 for phage typing and 0.98 for MLVA.
Epidemiological concordance was evaluated by testing isolates related to two
different outbreaks with the MOL-PCR assay. The first outbreak included
isolates S0520 up to S0524 with S0525 as out-group; the second outbreak
consisted of isolates S0526 up to S0530 with isolates S0531 and S0532 as out-
group. The developed subtyping assay assigned identical MOL-PCR profiles
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4.3.5 PFGE results
To examine if the isolates of the 3 most observed MOL-PCR profiles, i.e.,
15-1-1, 255255-8843835-1155 and 15-3-1, in the validation panel could be further
discriminated, PFGE was performed on a total of 53 isolates. Two clusters
could be observed (Figure S1 in the supporting information). Cluster A grouped
all isolates of MOL-PCR profiles 15-1-1 and 15-3-1, which differ only by marker
SAL-73, i.e., fljB. Cluster B included all isolates of MOL-PCR profile 255255-
8843835-1155. Cluster A was divided into 16 subgroups of which 2 subgroups
comprised isolates of both MOL-PCR profiles 15-1-1 and 15-3-1. One subgroup
in cluster B comprised 13 of the 17 isolates in this cluster while the other 3
subgroups consisted of only 1 or 2 isolates.
This dissimilarity in variation between cluster A and B for PFGE patterns is in
agreement with the difference in number of distinct MLVA profiles in cluster A
and B, 18 and 7 MLVA profiles, respectively, but contrasts with phage typing
results, as in each cluster, 12 distinct phage types were identified. While PFGE
could further divide isolates with the same MOL-PCR profile into separate
subgroups, also MOL-PCR could make a distinction between isolates with the
same PFGE pattern in 2 subgroups of cluster A. Similarly, isolates with the
same MLVA profile (e.g., 3-12-9-NA-211) were assembled into distinct subgroups
according to their PFGE patterns and are associated with different MOL-PCR
profiles and phage types. Likewise, isolates with the same phage type are spread
over clusters A and B with different PFGE patterns, MLVA and MOL-PCR
profiles.
4.3.6 Selection of most discriminative markers
It was observed that there were nine groups of two or three markers which
were always present or absent together in the isolates of the validation panel:
(1) SAL-10/SAL-23/SAL-42, (2) SAL-11/SAL-15, (3) SAL-16/SAL-27, (4)
SAL-56/SAL-65, (5) SAL-49/SAL-61/SAL-63, (6) SAL-21/ SAL-33, (7) SAL-
50/SAL-51, (8) SAL-37/SAL-38 and (9) SAL-36/SAL-40/SAL-43.
For each marker, Simpson’s index of diversity was calculated. The most
discriminative markers were SAL-10/SAL-23/SAL-42, SAL-11/SAL-15, SAL-18,
SAL-73 and SAL-16/SAL-27, thus 7 prophage gene markers, 1 AFLP marker
and 1 SNP marker. The 51 observed MOL-PCR profiles could be reconstructed
with a selection of 17 markers: SAL-11, SAL-16, SAL-18, SAL-23, SAL-26,
SAL-29, SAL-35, SAL-36, SAL-53, SAL-55, SAL-62, SAL-66, SAL-67, SAL-70,
SAL-71, SAL-73 and SAL-74. Hence, these markers encompass 8 prophage




In our attempt to design a complementary subtyping method for S. Typhimurium
and its monophasic variant S. 1,4,[5],12:i:-, we have developed a MOL-PCR
method for subtyping which combines different types of molecular markers
in a high-throughput multiplex assay. We screen 52 molecular markers in 3
multiplex ligation assays, thereby avoiding the issues associated with multiplex
PCR assays. Starting from a single colony, subtyping results are delivered
within 8 h, which makes the MOL-PCR assay a convenient subtyping method
for outbreak investigations, for which rapidity is of crucial importance. A similar
turn-around-time is currently more difficult to be obtained with WGS. Another
important aspect for outbreak investigations and for long-term surveillance
studies is the stability of the assessed markers, which is not the case for all
markers in MLVA (Dimovski et al. 2014) but which was demonstrated for
our MOL-PCR assay by the results of a serial passage experiment. The data
analysis and interpretation are objective and computerised, in contrast to that
of phage typing. The data analysis results in a MOL-PCR profile consisting
of 3 numerals, which can be easily compared between different laboratories
(which is more difficult for PFGE) and straightforwardly stored in an electronic
database, so that the developed subtyping method is suitable for use in an
international surveillance network. Additionally, the presented visualisation
as a 3-dimensional scatterplot is a flexible tool for outbreak detection when
used with a limited number of isolates or for surveillance when used for a large
collection of isolates, as the colour scheme will adapt itself to the number of
isolates included in the data analysis. This objective data analysis is easily
done by a non-bioinformatics expert, which might not be the case for WGS
data analysis.
Besides rapidity, both Struelens et al. (1996) and van Belkum et al. (2007)
propose flexibility, accessibility, cost and ease of use as convenience criteria for
microbiological epidemiologic typing methods. The MOL-PCR assay is flexible
in the sense that the technology of the MOL-PCR assay can be applied for
(sub)typing of other pathogens. Nevertheless, for other pathogens, a different
set of probes will have to be developed, as is also the case for e.g., MLVA and
MLST.
The accessibility criterion deals with the availability of reagents and equipment
and with the required skills for the method. A ligation reaction requires the same
type of reagents, equipment and skills as a regular PCR, which is a generally
used laboratory technique. Also for the hybridisation of the MOL-PCR products
to MagPlex-TAG microspheres and incubation with SAPE, no special skills or
equipment are necessary and required reagents are commonly available. The
MOL-PCR assay was developed on a MAGPIX system, which stands at the lower
end of the Luminex portfolio regarding cost and skills for use and maintenance
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of the system and which is feasible for a routine laboratory. The reagents and
consumables cost for subtyping 1 isolate with the designed MOL-PCR method
is lower than 10 euros, if the 3 MOL-PCR assays are combined on a 96-well
plate so that 29 isolates are subtyped in 1 run.
The MOL-PCR method is designed for processing 96-well plates, which takes
about 3.5 h hands-on time and requires no high-level technical skills. Analysis
and interpretation of the results is straightforward by using the GPP and an
available R-script and is thus not dependent on specialised commercial software.
As such, this subtyping method scored well on the ease of use criterion.
In addition to stability of the assessed markers and suitability for computerised
analysis and storage of results, both Struelens et al. (1996) and van Belkum et
al. (2007) propose reproducibility, epidemiological concordance, discriminatory
power (D) and typeability (T ) as performance criteria for microbiological
epidemiologic typing methods. As test population for the typing method, both
authors recommend a large collection (n > 100) and Struelens et al. (1996)
refine as ‘Large size collections of unrelated strains (n > 100), not selected on
the basis of type characteristics, are recommended for the unbiased and precise
comparison of the T and D values of different typing systems’. Our validation
panel of 519 S. Typhimurium and S. 1,4,[5],12:i:- isolates complied with this
recommendation.
A reproducible method is able to assign the same type to an isolate that was
tested multiple times and in an independent manner. The reproducibility of
the MOL-PCR assay was proven by an independent repeat of the subtyping
method, in which all isolates of the validation panel and of the 2 outbreaks
received the same MOL-PCR profile as in the initial experiment. In contrast
to PFGE, the molecular techniques used in the MOL-PCR assay, i.e., ligation,
PCR and hybridisation to microspheres, can be standardised without great
effort, so that results may also be reproducible between different laboratories.
In the experiment for the assessment of the epidemiological concordance,
identical MOL-PCR profiles were observed for outbreak isolates, which were
clearly distinguished from their out-group isolates. These results concurred with
results of phage typing and MLVA, although separation of out-group isolate
S0531 (Table 4.2) from the respective outbreak isolates would be difficult with
only MLVA data since its MLVA profile was different from the MLVA profile of
the outbreak isolates in only one repeat at an instable locus (Dimovski et al.
2014).
The instability of 3 MLVA loci may also explain the higher value for Simpson’s
index of diversity (D) for MLVA compared to the MOL-PCR assay, as large
numbers of MLVA profiles are produced as a result of these rapidly evolving loci,
which make MLVA less suitable for investigation of long-lasting outbreaks and
long-term surveillance. According to Simpson’s index of diversity, the MOL-PCR
method has the same discriminatory power as phage typing. However, whereas
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phage typing produces NT and RDNC results, a 100% typability was observed
in the MOL-PCR assay since all of the 519 isolates of the validation panel were
assigned a MOL-PCR profile and could thus be subtyped by the assay. Compared
to the subtyping method described by Fang et al. (2012), based on multiplex PCR
with detection through a direct hybridisation assay, the developed MOL-PCR
assay provides an increased discrimination since the ligation reaction only occurs
under strict conditions: the upstream probe has to hybridise exactly adjacent
to the downstream probe and a strict complementarity is compulsory for the
base pairs flanking the ligation site. Even so, this more stringent discrimination
was not reflected in the discriminatory power as calculated by Simpson’s index
of diversity, which was 0.84 for the MOL-PCR method compared to 0.95 for the
multiplex PCR-based method (Fang et al. 2012). This might be explained by
the dissimilar test panels used for evaluation of both subtyping methods. Our
validation panel of 519 S. Typhimurium and S. 1,4,[5],12:i:- isolates included 33
distinct phage types, whereas Fang et al. (2012) tested a selected panel of 438
S. Typhimurium representing 58 phage types and thus calculated Simpson’s
index of diversity on a smaller collection with a higher variation. Moreover,
simple adaptations to the collection of isolates tested may have significant effects
on Simpson’s index of diversity, e.g. if half of the isolates with the 3 most
frequently observed MOL-PCR profiles is left out of the validation panel, which
would then be reduced to 350 isolates, still above the recommended size of > 100
isolates, Simpson’s index of diversity would increase to 0.95 for the MOL-PCR
assay and would thus comply with the acceptable discriminatory power for a
“more or less ‘ideal’” typing system (van Belkum et al. 2007). As Simpson’s
index of diversity is very much dependent on the collection of isolates tested, a
more strict definition of such a test panel might be required for evaluation of
subtyping methods.
The MOL-PCR assay with its visualisation tool (Figure 4.1) and coupled with
insightful epidemiological data, offers a user-friendly and rapid approach for
outbreak investigations. If, however, a frequent MOL-PCR profile (i.e., 15-
1-1, 255255-8843835-1155, 15-3-1 and 3.91×1021-1.11×1013-4199) would be
obtained, the isolate might be further characterised by MLVA, PFGE or WGS.
Nonetheless, due to the instability of three MLVA loci in S. Typhimurium
(Boxrud 2010; Dimovski et al. 2014), it may not be clear how to handle isolates
that differ in one of the instable loci (Petersen et al. 2011; Friesema et al. 2012;
Garvey et al. 2013; Kuhn et al. 2013; Paranthaman et al. 2013). Therefore, for
current routine laboratories, PFGE might be more appropriate. In our case,
PFGE could further discriminate isolates with the same MOL-PCR profile,
but at the other hand, different MOL-PCR profiles were obtained for isolates
within the same PFGE cluster. This is even more an issue with MLVA profiles.
This interwoven tangle of subtyping results illustrates the complications that
are encountered when comparing different sets of subtyping data, which will
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only become more complicated when WGS data will be compared to historical
subtyping results. Also, with WGS, agreements will have to be made within
the community as to decide whether two isolates are identical or not, as the
resolution is at the single nucleotide level and in vivo/in vitro mutations or
sequencing errors might occur.
The discrimination for the most frequently observed MOL-PCR profiles can be
increased by including more markers in the MOL-PCR assay. Such additional
markers may be identified by WGS comparison of different isolates with the
same commonly observed MOL-PCR profile. However, if more markers are
included in the assay, this may lead to an increase of the cost and effort of the
method. To avoid an expansion of the MOL-PCR assay, redundant markers
which were present or absent together in the isolates of the validation panel
could be removed. However, the markers that are redundant for our validation
panel, could be critical for discrimination when applying the MOL-PCR assay
to future collections of S. Typhimurium and S. 1,4,[5],12:i:- isolates. Therefore,
it might be more appropriate to evaluate the redundancy of the molecular
markers included in the method after routinely subtyping S. Typhimurium and
its monophasic variant S. 1,4,[5],12:i:- with the MOL-PCR assay for a period of
e.g., 3 years in multiple reference laboratories.
Ultimately, WGS might become the gold standard for subtyping of any pathogen,
but during the time that not all routine laboratories have the resources
and data analysis capabilities and agreements on interpretation for WGS of
S. Typhimurium and its monophasic variant S. 1,4,[5],12:i:-, the developed
MOL-PCR assay may be considered as an inexpensive complement of currently
applied methods in routine subtyping with a readily accessible, computerised
data analysis pipeline.
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Abstract
In this chapter the current issues concerning the analysis of whole genome
sequencing (WGS) data for surveillance in public health are explored with
WGS data on 32 Salmonella enterica subsp. enterica serovar Typhimurium
(S. Typhimurium) and serovar 1,4,[5],12:i:- (S. 1,4,[5],12:i:-) isolates.
The first issue is the workflow to be followed. As currently no whole genome
multilocus sequence typing (MLST) scheme is available, only a single nucleotide
polymorphism (SNP)-based approach was investigated with 3 different workflows.
The influence of the reference genome and of error correction is elaborated.
For examination of the second issue, namely the definition of a distinct subtype,
the SNP analysis on 3 S. Typhimurium strains isolated from the same patient
at different time points was more closely considered.
For exploring the third and fourth issue, which are the inference of phenotypic
data fromWGS analysis and the link betweenWGS data and historical subtyping
data, the tools available on the server of the Center for Genomic Epidemiology
were used.
The main conclusion is that a SNP-based analysis has added value for subtyping
of S. Typhimurium and S. 1,4,[5],12:i:-, as isolates with the same multiplex
oligonucleotide ligation-PCR (MOL-PCR) profile, the same phage type and the
same multiple-locus variable-number of tandem repeats analysis (MLVA) profile
could be further discriminated. One has to take into account however that a
different result is obtained when applying different SNP-based workflows. This
latter observation is also important for defining a distinct subtype. Related
to the tools of the Center for Genomic Epidemiology, a good correlation was
observed between the detected resistance genes in the WGS data and the
phenotypical antimicrobial resistance profile. To a certain extent, a link could
be made between historical subtyping data and WGS data, but maybe it would
be better to concentrate on a whole new nomenclature instead of holding on to
the classical subtypes.
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5.1 Aim of this study
Whole genome sequencing (WGS) has been postulated as the universal subtyping
technique for pathogens with ultimate resolution. Nonetheless, up to date, no
standard WGS subtyping protocol has been issued, since there are still many
questions to be answered as evidenced by the European Food Safety Authority
(EFSA) Scientific Colloquium Summary Report on the use of WGS of foodborne
pathogens for public health protection (European Food Safety Authority (EFSA)
2014). In this chapter we study the WGS data of a selection of 32 Salmonella
enterica subsp. enterica serovar Typhimurium (S. Typhimurium) and serovar
1,4,[5],12:i:- (S. 1,4,[5],12:i:-) isolates for exploring the main discussion points,
which were presented in the introductory section 1.3.3.
This chapter focusses on WGS for subtyping of S. Typhimurium related to
surveillance, while the next chapter discusses a case study of WGS applied to
investigate two outbreaks of S. Enteritidis.
The first question is the workflow to be followed for interpretation of WGS
data: Should this workflow be single nucleotide polymorphism (SNP)-based or
gene-based? Both workflows may be complementary, but for implementation of
the gene-based approach, also referred to as whole genome multilocus sequence
typing (MLST), two requirements have to be met. Firstly, there is a need for a
predefined set of genes to compare the de novo assembled WGS reads to and
secondly, a preferably international database of possible alleles for each gene
has to be established, in order to assign a whole genome sequence type (ST) to
the isolate that has to be subtyped. In March and April 2015, the first versions
of core genome MLST schemes for Campylobacter jejuni/coli and Neisseria
meningitidis were announced on the PubMLST databases website (Jolley 2015).
However, since a whole genome MLST scheme is not yet available for Salmonella,
we have restricted the current study to the SNP-based approach.
For the SNP-based approach different tools are currently being applied for
similar applications in Europe. Public Health England uses a workflow based on
the Genome Analyis Toolkit (GATK) (Ashton et al. 2014; Dallman et al. 2014;
Ashton et al. 2015), while the Call SNPs & Infer Phylogeny (CSI Phylogeny)
tool hosted on the server of the Danish Center for Genomic Epidemiology
(Technical University of Denmark (DTU) 2015) uses BEDTools and SAMtools
in its workflow. Using different tools might result in different phylogenetic trees
and hence in different conclusions on the relatedness of isolates. In this study
we apply both workflows for subtyping of S. Typhimurium and S. 1,4,[5],12:i:-,
and we also perform SNP calling with the commercial software package CLC
Genomics Workbench (CLC Bio). We applied this approach to a selection of
S. Typhimurium and S. 1,4,[5],12:i:- isolates that resulted in two frequently
occurring multiplex oligonucleotide ligation-PCR (MOL-PCR) profiles (chapter
4) and hence for which a higher discriminatory resolution would be appropriate.
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As SNP calling relies on read mapping to a reference genome, we compare
the workflows, applied on a subset of the WGS data, when using two different
reference genomes, namely S. Typhimurium LT2, which is most referred to in
literature, and S. Typhimurium SL1344, which is described as reference genome
in literature for more virulent strains like S. Typhimurium ST313 (Okoro et al.
2012; Okoro et al. 2015).
In addition to different reference genomes, the effect of error correction of
FASTQ reads on SNP analysis was evaluated, as it was hypothesised that error
correction may result in additional discriminatory SNPs, while avoiding bias of
false positive calling of SNPs. Two different error correction algorithms were
applied: Blue, which is based on k-mer consensus and context (Greenfield et al.
2014), and Brownie, which is under development and which is based on de Bruijn
graphs (M. Heydari, G. Miclotte and J. Fostier, personal communication).
The second question related to WGS for subtyping of pathogens for public
health is the definition of a distinct subtype, i.e. until when can two isolates be
considered as the ‘same’ subtype. The currently reported retrospective WGS
studies of outbreaks of pathogens all add value to this issue, however, pathogens
may also evolve during the infection within a patient to become more adapted
to their host, to escape the immune system or to gain antibiotic resistance
(Lieberman et al. 2011). Therefore, we concentrate on the SNP analysis of three
S. Typhimurium strains that were isolated from the same patient over a period
of 1.5 months.
The third question is the deduction of phenotypic data like antimicrobial
resistance and virulence of WGS data. The ResFinder and PlasmidFinder tools
on the server of the Center for Genomic Epidemiology (Technical University
of Denmark (DTU) 2015) allow for identifying antibiotic resistance genes and
plasmids, respectively. The latter may point out virulence plasmids, which are
commonly found in S. Typhimurium (Rychlik et al. 2006).
The server of the Center for Genomic Epidemiology hosts also tools like MLST
server, which can be used related to the fourth question, namely the link between
WGS data and historical subtyping data, which is explored in the last part of
this study.
5.2 Materials and methods
5.2.1 Bacterial isolates
All 32 human S. Typhimurium and S. 1,4,[5],12:i:- isolates in this study were
provided by the Belgian National Reference Centre for Salmonella and Shigella
(NRCSS) and are listed in Table 5.1. The selection of S. Typhimurium and
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S. 1,4,[5],12:i:- isolates consists firstly of 5 isolates related to an outbreak and 2
out-group isolates that were collected during the same period of this outbreak
and that were used in the original outbreak investigation as well. Secondly, 3
S. Typhimurium which were isolated at different time points from the same
patient were added to the selection. Thirdly, 5 × 3 isolates were selected based on
their frequently occurring MOL-PCR profile, namely 15-1-1 and 15-3-1 (Wuyts
et al. 2015b) (chapter 4), in combination with frequent phage types DT193 and
DT120 (Bertrand et al. 2014) and frequent multiple-locus variable-number of
tandem repeats analysis (MLVA) profiles 3-12-10-NA-211 and 3-13-11-NA-211.
Finally, 7 isolates were added which had the same phage type as the outbreak
and their out-group isolates and with the same or a frequent MOL-PCR profile.
Phage type, MLVA and antimicrobial susceptibility data were provided by
the NRCSS and were collected as previously described by Wuyts et al. (2013)
(chapter 2).
5.2.2 Whole genome sequencing
From each of the 32 selected S. Typhimurium and S. 1,4,[5],12:i:- isolates, a
single colony was grown overnight (about 16 hours) in brain-heart infusion
(BHI) broth. Genomic DNA was extracted with the Qiagen Genomic-tip 100/G
kit. Sequencing was performed at the EMBL GeneCore facility on an Illumina
HiSeq 2000 using 100 bp paired-end reads. Forty samples of Salmonella genomic
DNA were multiplexed on a single lane (i.e. 8 S. Enteritidis isolates were also
included in this run - see chapter 6).
5.2.3 Examining quality of reads
The quality of the raw Illumina FASTQ reads was evaluated using the FastQC
0.11.3 package (Babraham Bioinformatics 2015).
5.2.4 Error correction of FASTQ reads
FASTQ reads of isolates 11-0596, 11-0600, 11-1160, 11-1163 and 11-1164
corrected with the Brownie algorithm were provided by M. Heydari, G. Miclotte
and J. Fostier.
The raw FASTQ reads of these isolates were also corrected with Blue 1.1.3













































11-0596 1,4,[5],12:i:- 15/01/2011 15-1-1 DT138 3-13-11-NA-211 ASSu Outbreak
11-1163 1,4,[5],12:i:- 28/03/2011 15-1-1 DT138 3-13-11-NA-211 ASSu Outbreak
11-1164 1,4,[5],12:i:- 28/03/2011 15-1-1 DT138 3-13-11-NA-211 ASSu Outbreak
11-1165 1,4,[5],12:i:- 28/03/2011 15-1-1 DT138 3-13-11-NA-211 ASSu Outbreak
11-1166 1,4,[5],12:i:- 26/03/2011 15-1-1 DT138 3-13-11-NA-211 ASSu Outbreak
11-0600 Typhimurium 04/02/2011 15-3-1 RDNC 3-14-11-NA-211 ASSuSxtTTmp out-group
11-1160 Typhimurium 10/04/2011 1.21×1018-
2.58×1011-
4199
DT104 3-14-18-14-311 AAmcSSu out-group
S13BD00332 Typhimurium 02/03/2013 1.50×108-
1.69×1011-
1155
ND 3-14-14-5-311 A One patient
S13BD00591 Typhimurium 25/03/2013 1.50×108-
1.69×1011-
1155
ND 3-14-14-5-311 A One patient
S13BD00844 Typhimurium 19/04/2013 1.50×108-
1.69×1011-
1155
ND 3-14-14-5-311 A One patient
12-2003 1,4,[5],12:i:- 29/06/2012 15-1-1 DT120 3-12-10-NA-211 ASSuT -
12-2203 1,4,[5],12:i:- 11/07/2012 15-1-1 DT120 3-12-10-NA-211 ASSuT -
12-2460 1,4,[5],12:i:- 22/06/2012 15-1-1 DT120 3-12-10-NA-211 ASSuT -
12-2455 1,4,[5],12:i:- 26/07/2012 15-1-1 DT193 3-12-10-NA-211 ASSuT -
12-2599 1,4,[5],12:i:- 07/08/2012 15-1-1 DT193 3-12-10-NA-211 ASSuT -






















12-1558 1,4,[5],12:i:- 22/05/2012 15-1-1 DT193 3-13-11-NA-211 ASSuT -
12-2314 1,4,[5],12:i:- 17/07/2012 15-1-1 DT193 3-13-11-NA-211 T -
12-2379 1,4,[5],12:i:- 29/07/2012 15-1-1 DT193 3-13-11-NA-211 ASSuT -
12-3792 Typhimurium 08/10/2012 15-3-1 DT120 3-12-10-NA-211 ASSuT -
12-3907 Typhimurium 14/10/2012 15-3-1 DT120 3-12-10-NA-211 ASSuT -
12-3990 Typhimurium 23/10/2012 15-3-1 DT120 3-12-10-NA-211 ASSuT -
12-0084 Typhimurium 13/01/2012 15-3-1 DT193 3-12-10-NA-211 ASSuSxtTTmp -
12-0161 Typhimurium 21/01/2012 15-3-1 DT193 3-12-10-NA-211 ASSuT -
12-3663 Typhimurium 30/09/2012 15-3-1 DT193 3-12-10-NA-211 ASSuT -
12-3558 1,4,[5],12:i:- 25/09/2012 15-1-1 DT138 3-12-11-NA-211 ASSuT -
12-3582 1,4,[5],12:i:- 11/09/2012 15-1-1 DT138 3-12-11-NA-211 ASSuT -
12-3583 1,4,[5],12:i:- 11/09/2012 15-1-1 DT138 3-12-11-NA-211 ASSuT -
12-2984 1,4,[5],12:i:- 27/08/2012 15-1-1 RDNC 3-12-11-NA-211 ASSuT -
12-2998 1,4,[5],12:i:- not known 15-1-1 RDNC 3-12-11-NA-211 ASSuT -
12-3067 1,4,[5],12:i:- 04/09/2012 15-1-1 RDNC 3-12-11-NA-211 ASSuT -
12-3444 Typhimurium 22/09/2012 1.21×1018-
2.58×1011-
4199
DT104 3-16-16-13-311 AAmcSu -
A: ampicillin; Amc: amoxicillin plus clavulanic acid; MLVA: multiple-locus variable-number of tandem repeats analysis; MOL-PCR: multiplex
oligonucleotide ligation-PCR; NA: absence of a PCR amplicon in MLVA; ND: not determined; RDNC: reacts-but-does-not-conform; S:
streptomycin; Su: sulphonamides; Sxt: trimethoprim plus sulfamethoxazole; T: tetracycline; Tmp: trimethoprim.
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5.2.5 SNP analysis
SNP analysis was performed with the commercial software package CLC
Genomics Workbench (CLC Bio), with GATK, which is used by Public Health
England (Ashton et al. 2015), and with the CSI Phylogeny tool, which is available
on the server of the Danish Center for Genomic Epidemiology (Technical
University of Denmark (DTU) 2015).
CLC Genomics Workbench FASTQ reads were imported into CLC Genomics
Workbench 8.0 (CLC Bio) using the Illumina Paired Importer and trimmed
with the parameters quality score limit 0.001 (Q30) and maximum 2 ambiguous
bases; and reads with a length below 15 nucleotides after quality trimming were
discarded. Subsequently, the trimmed reads were mapped to the S. Typhimurium
reference genome LT2 (NC_003197) or SL1344 (NC_016810) using default
parameters. The Fixed Ploidy Variant Detection tool was used for variant
calling with the ploidy set to 1, a required variant probability of 95.0%, a
minimum frequency of 90.0% and a minimum coverage of 10. Variants were
exported as vcf (variant call format) files.
Genome Analyis Toolkit (GATK) Nucleotides with a Phred score below
30 were trimmed from the trailing end of FASTQ reads with Trimmomatic
0.33 (Bolger et al. 2014). The processed paired reads were mapped to the
S. Typhimurium reference genome LT2 (NC_003197) or SL1344 (NC_016810)
with bwa mem (BWA 0.7.12) (Li and Durbin 2009). The resulting SAM file was
sorted and converted to BAM format. Subsequently, duplicates were marked
in the BAM file and the BAM file was indexed. These steps were performed
with Picard tools 1.134 (Broad Institute 2015). SNPs were called with GATK
3.4-0 UnifiedGenotyper (DePristo et al. 2011) with ploidy set to 1 and default
Phred-scaled confidence threshold of 30 at which variants should be called and
emitted. The resulting SNPs were filtered to 90% consensus, minimum depth
10, minimum GQ 30 and minimum MQ 30 with SnpSift 4.1 (Cingolani et al.
2012).
In an additional experiment with the GATK SNP calling workflow, additional
pruning of the SNPs to filter out SNPs within 10 bp of each other was performed
with VCFtools 0.1.12b (Danecek et al. 2011).
CSI Phylogeny Raw reads were uploaded to the CSI Phylogeny 1.0a server
(Kaas et al. 2014). As reference genome S. Typhimurium LT2 (NC_003197)
or SL1344 (NC_016810) was uploaded. The default parameters as described
by Kaas et al. (2014) were applied: minimum depth of 10 at SNP positions,
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minimum relative depth of 10% at SNP positions, minimum 10 bp distance
between SNPs, minimum SNP quality of 30, minimum read mapping quality of
25 and a minimum Z-score of 1.96. The CSI Phylogeny server performs read
mapping with BWA (Li and Durbin 2009) and SNP calling with mpileup of
SAMtools (Li et al. 2009). The depth at the mapped positions is calculated
with genomeCoverageBed of BEDTools (Quinlan and Hall 2010), the SNP
quality with SAMtools and the read mapping quality with BWA. The SNPs
are filtered with parameters for minimum depth and minimum relative depth
at SNP positions, minimum distance between SNPs (i.e. pruning), minimum
SNP quality, minimum read mapping quality and a minimum z-score. For each
of these parameters, the user of CSI Phylogeny server has to give a value, as
described above. FastTree (Price et al. 2010) is then used to derive a maximum
likelihood phylogeny tree.
The resulting phylogeny, which includes the reference genome, was downloaded
as a newick file, which was imported into MEGA 6.06 (Tamura et al. 2013) for
visualisation of the tree. The called SNPs were downloaded as vcf files.
Alignment and maximum likelihood phylogeny Vcf files exported from CLC
Genomics Workbench or resulting from SNP calling with GATK were used
to generate a pseudo-genome for each sample by replacing the bases in the
reference genome LT2 or SL1344 by the SNPs that are present in the sample.
All genome positions with a SNP in a set of samples were combined into a list
from the vcf files with the GATK CombineVariants and VariantsToTable tools.
The resulting list was used to extract the genome positions from the pseudo-
genomes of the samples as a fasta file. The fasta sequences were imported into
MEGA 6.06 (Tamura et al. 2013) and aligned using MUSCLE (Edgar 2004).
A maximum likelihood phylogeny tree was constructed with the Jukes-Cantor
substitution model as described by Ashton et al. (2015). The labels in the
phylogenetic trees are coloured according to the phage type of the isolate, except
for isolates S13BD00332, S13BD00591 and S13BD00844, which were isolated
from one patient and from which the phage type was not determined (Table 5.1).
Additionally, the 5 isolates of the outbreak and the 2 out-group isolates are
indicated in boldface.
5.2.6 Tools available at the Center for Genomic Epidemiology
Next to the CSI Phylogeny server (Kaas et al. 2014), which was discussed related
to the SNP analysis (section 5.2.5), the Center for Genomic Epidemiology
(Technical University of Denmark (DTU) 2015) hosts also other tools, such as
those that can be used for in silico inference of the antibiotic resistome, i.e.
ResFinder (Zankari et al. 2012), or the virulome, i.e. VirulenceFinder (Joensen
104 WHOLE GENOME SEQUENCING FOR SUBTYPING OF SALMONELLA ENTERICA SUBSP.
ENTERICA SEROVAR TYPHIMURIUM
et al. 2014). VirulenceFinder is however not available for Salmonella. As serovar
specific virulence plasmids contribute to the virulence of S. Typhimurium
through the spv genes, the presence of plasmids in the S. Typhimurium and
S. 1,4,[5],12:i:- isolates was evaluated in silico with PlasmidFinder (Carattoli
et al. 2014).
The MLST server (Larsen et al. 2012) of the Center for Genomic Epidemiology
can be used to identify the sequence type (ST), based on 7 housekeeping genes,
of a pathogen through its WGS data, instead of through the classical technique
with PCR and Sanger sequencing (i.e. NGS-derived conventional MLST).
ResFinder, PlasmidFinder and MLST server accept raw FASTQ reads
compressed with gzip or assembled contigs in multi-fasta format. In case
raw FASTQ reads are uploaded, these are assembled with Velvet (Zerbino and
Birney 2008) after quality trimming (Larsen et al. 2012). As a test, both raw
reads and assembled contigs generated with CLC Genomics Workbench 8.0 of
the S. Typhimurium and S. 1,4,[5],12:i:- isolates were uploaded to ResFinder
and comparison of the results showed that the same or more resistance genes
were recovered with the assembled contigs (data not shown). As the assembled
contigs in multi-fasta format had a size of about 5 MB per isolate, while paired-
end reads took up 2 × about 230 MB, uploading assembled contigs was more
time-efficient.
De novo assembly Raw reads were imported and trimmed in CLC Genomics
Workbench 8.0 as described in section 5.2.5. The processed reads were de novo
assembled in mapping mode ‘map reads back to contigs’ with automatic bubble
and word size, with scaffolding and a minimum contig size of 200 nucleotides.
ResFinder Uploaded assembled contigs were searched with BLAST for all
resistance genes present in the database with a minimum ID threshold of 98%
and a minimum length of 60% of the resistance gene as described by Zankari
et al. (2012).
PlasmidFinder Uploaded assembled contigs were searched with BLAST for all
plasmid replicons present in the Enterobacteriaceae database with the default
minimum ID threshold of 95% (Carattoli et al. 2014).
MLST server Uploaded assembled contigs were typed by MLST with the
Salmonella enterica configuration (Larsen et al. 2012).
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5.3 Results
5.3.1 Examining quality of reads
The raw reads of the 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates were checked
with FastQC and did not reveal serious quality issues, except for isolates 11-
0600, 11-1165 and 11-1166 where the overrepresented sequences indicated that
Illumina paired end primers may be present in the reads. For all isolates it
was observed that quality scores lowered towards the end of the reads, which is
expected with Illumina data.
5.3.2 SNP analysis with different workflows, different refer-
ence genomes and error correction
A selection of S. Typhimurium and S. 1,4,[5],12:i:- isolates with known
relationships (based on classical subtyping methods) was used to evaluate the
influence of different reference genomes, different workflows and error correction
on SNP analysis. The selection consisted of the S. 1,4,[5],12:i:- outbreak isolates
11-0596, 11-1163 and 11-1164, which are expected to have a close relationship,
and the out-group S. Typhimurium isolates 11-0600 and 11-1160, which are
expected to be more distantly related to the outbreak isolates. The different
workflows applied were read mapping and variant calling in CLC Genomics
Workbench (referred to as CLC workflow), read mapping with BWA and SNP
calling with GATK (referred to as GATK workflow) and the CSI Phylogeny
server, which makes use of BWA for read mapping and SAMtools and BEDTools
for SNP calling (referred to as CSI workflow). The different reference genomes
used for read mapping were S. Typhimurium LT2 and S. Typhimurium SL1344.
Error correction was performed with Blue and Brownie. The latter is an
algorithm under development. As an error was encountered with the Brownie
corrected reads during the GATK workflow and the CSI workflow (probably
due to a bug in the algorithm under development), only results of SNP analysis
with Brownie corrected data of the CLC workflow are presented.
Read mapping Uncorrected and corrected quality trimmed reads were mapped
to reference genomes S. Typhimurium LT2 (NC_003197) or to S. Typhimurium
SL1344 (NC_016810). Tables 5.2a, 5.2b, 5.3a, 5.3b and 5.4 show the read
mapping metrics which were provided by the CLC, GATK and CSI workflow,
respectively. No clear differences are observed between uncorrected and corrected





















































11-0596 97.73 97.77 97.72 97.75 97.74 97.78
11-1163 92.95 93.91 92.99 94.29 92.95 93.91
11-1164 96.12 96.16 96.10 96.15 96.12 96.17
11-0600 86.81 87.69 86.86 87.89 86.82 87.69
11-1160 92.65 92.91 92.67 93.03 92.66 92.91



















11-0596 97.90 97.94 97.90 97.94 97.89 97.92
11-1163 93.23 94.21 93.24 94.21 93.28 94.56
11-1164 96.44 96.50 96.45 96.50 96.43 96.50
11-0600 87.09 87.98 87.11 87.98 87.15 88.20
11-1160 92.91 93.18 92.93 93.19 92.95 93.31
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11-0596 179.39 98.0 91.8 179.70 98.0 91.7
11-1163 44.78 98.0 97.9 45.09 98.0 97.9
11-1164 139.86 98.0 97.9 140.18 98.0 97.9
11-0600 151.90 98.0 97.7 152.40 98.0 97.7
11-1160 156.54 98.1 97.9 157.04 98.1 97.9
























11-0596 178.85 98.1 91.8 179.16 98.1 91.8
11-1163 44.73 98.1 98.0 45.03 98.1 98.0
11-1164 139.72 98.1 98.1 140.04 98.1 98.1
11-0600 151.63 98.2 97.8 152.14 98.2 97.8


































Table 5.4: Read mapping metrics provided by the CSI workflow.
Reference
genome













































11-0596 97.5 92.4 97.4 92.3 97.6 92.4 97.6 92.4
11-1163 97.9 97.9 98.0 98.0
11-1164 97.9 97.9 98.0 98.0
11-0600 97.7 97.7 97.8 97.8
11-1160 97.9 97.9 98.0 98.0
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the CSI workflow, it is noted that the percentage of genome covered with
minimum depth 10 (GATK) or the valid positions (CSI) for SNP calling is lower
in isolate 11-0596 than in the other isolates, although the percentage of the
reference genome which is covered is similar to the other isolates.
SNP calling The total number of SNP positions in all 5 S. Typhimurium and
S. 1,4,[5],12:i:- isolates that were detected with each workflow in combination
with each reference genome and with or without error correction are presented in
Tables 5.5a and 5.5b. Most SNP positions are observed with the CLC workflow,
followed by the GATK workflow and the CSI workflow. More SNP positions
are detected when applying error correction.
Matrices of the number of SNPs between the 5 isolates and the respective
reference genome are provided for each of the 3 workflows in Tables A.1 up
to A.14 in appendix A. For all 3 workflows, more SNPs are observed between
the isolates and SL1344 than between the isolates and LT2. For both reference
genomes LT2 and SL1344, the CSI workflow emits clearly less SNPs than
the CLC and GATK workflow. With the Blue error correction in the GATK
workflow, less SNPs were observed between the 3 outbreak isolates for both
reference genomes, but also less SNPs were seen between the 3 outbreak isolates
and out-group isolate 11-0600, while there were more SNPs between the outbreak
isolates and out-group isolate 11-1160. This effect of error correction with Blue
was also observed for the CSI workflow with SL1344 as reference genome, but
was absent in the CLC workflow.
Table 5.5a: Total number of SNP positions between the 5 selected
S. Typhimurium and S. 1,4,[5],12:i:- isolates for different workflows, with or
without error correction and LT2 as reference genome.
Error correction Uncorrected Blue Brownie
CLC workflow 1461 1477 1575
GATK workflow 1091 1271 -
CSI workflow 777 782 -
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Table 5.5b: Total number of SNP positions between the 5 selected
S. Typhimurium and S. 1,4,[5],12:i:- isolates for different workflows, with or
without error correction and SL1344 as reference genome.
Error correction Uncorrected Blue Brownie
CLC workflow 2363 2438 2485
GATK workflow 1816 2019 -
CSI workflow 1031 1035 -
For the GATK workflow, a comparison was made between the SNPs emitted
with the Blue corrected reads as input and the SNPs emitted with uncorrected
reads, for which the results are presented in Tables 5.6a and 5.6b. For isolate
11-1163 no SNPs were observed which were only emitted by the GATK workflow
with uncorrected reads, while for the other isolates 2 up to 13 SNPs were
only emitted with uncorrected reads. The SNPs that were only emitted with
uncorrected reads may be false positive SNPs.
Table 5.6a: Comparison of SNPs emitted with Blue corrected reads versus
uncorrected reads in the GATK workflow with reference genome LT2.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 530 585 574 496 609
Only Blue 69 53 94 165 187
Only uncorrected 6 0 4 4 2
Table 5.6b: Comparison of SNPs emitted with Blue corrected reads versus
uncorrected reads in the GATK workflow with reference genome SL1344.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 984 1076 1167 908 1109
Only Blue 97 85 150 230 250
Only uncorrected 13 0 3 5 6
A comparison was also made between the SNPs emitted with Blue corrected
reads and all unfiltered SNPs that were emitted with uncorrected reads by the
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GATK workflow. This comparison is shown in Tables 5.7a and 5.7b. From
this comparison it was observed that all, except 2, SNPs emitted with Blue
corrected reads were already present in the unfiltered SNPs called with GATK.
Thus, in general, error correction with Blue does not allow to find new SNPs,
but improves the quality of the SNPs so that more SNPs pass the quality filter.
Table 5.7a: Comparison of SNPs emitted with Blue corrected reads versus
unfiltered SNPs emitted with uncorrected reads in the GATK workflow with
reference genome LT2.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 597 638 668 661 796
Only Blue 2 0 0 0 0
Only unfiltered uncorrected 238 158 186 283 263
Table 5.7b: Comparison of SNPs emitted with Blue corrected reads versus
unfiltered SNPs emitted with uncorrected reads in the GATK workflow with
reference genome SL1344.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 997 1076 1170 913 1115
Only Blue 0 0 0 0 0
Only unfiltered uncorrected 518 387 416 850 635
A last comparison was made between the SNPs emitted with the CLC or the
CSI workflow on the one hand and all unfiltered SNPs that were emitted with
uncorrected reads by the GATK workflow on the other hand. This comparison is
presented in Tables 5.8a, 5.8b, 5.9a and 5.9b, respectively. From this comparison
it was observed that the CLC workflow emitted additional SNPs which were
not present in the unfiltered SNPs called with GATK. Contrary to the CLC
workflow, all, except 1, SNPs emitted by the CSI workflow were already present
in the unfiltered SNPs called with GATK. This indicates that the main difference
between the GATK workflow and the CSI workflow is the filtering of the SNPs.
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Table 5.8a: Comparison of SNPs emitted with the CLC workflow versus
unfiltered SNPs emitted with uncorrected reads in the GATK workflow with
reference genome LT2.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 537 563 669 664 824
Only CLC workflow 12 2 16 8 6
Only unfiltered uncorrected 298 233 185 280 235
Table 5.8b: Comparison of SNPs emitted with the CLC workflow versus
unfiltered SNPs emitted with uncorrected reads in the GATK workflow with
reference genome SL1344.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 972 1023 1294 1176 1336
Only CLC workflow 123 10 117 104 94
Only unfiltered uncorrected 543 440 292 587 414
Table 5.9a: Comparison of SNPs emitted with the CSI workflow versus unfiltered
SNPs emitted with uncorrected reads in the GATK workflow with reference
genome LT2.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 394 394 393 392 511
Only CSI 0 0 0 0 0
Only unfiltered uncorrected 441 402 461 552 548
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Table 5.9b: Comparison of SNPs emitted with the CSI workflow versus unfiltered
SNPs emitted with uncorrected reads in the GATK workflow with reference
genome SL1344.
Isolate
Observed SNPs 11-0596 11-1163 11-1164 11-0600 11-1160
In common 622 622 621 642 730
Only CSI 0 0 0 0 1
Only unfiltered uncorrected 893 841 965 1121 1020
Phylogenetic trees The phylogenetic trees of the 3 outbreak and 2 out-group
isolates are presented in Figures 5.1 up to 5.6 for the CLC, GATK and CSI
workflow without error correction in combination with reference genomes
S. Typhimurium LT2 and S. Typhimurium SL1344, and those with error
correction are given in Figures A.1–A.8 in appendix A. From these figures
we observe that the CLC workflow is not able to correctly cluster the outbreak
isolates together, and this clustering does not improve with Blue or Brownie
corrected reads. The GATK workflow does correctly cluster the outbreak isolates
together with uncorrected reads, but not with Blue corrected reads. The CSI
workflow clusters the outbreak isolates correctly together with both uncorrected







Figure 5.1: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with
uncorrected reads in the CLC workflow with reference genome LT2.








Figure 5.2: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with







Figure 5.3: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with







Figure 5.4: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with









Figure 5.5: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with








Figure 5.6: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with
uncorrected reads in the CSI workflow with reference genome SL1344.
5.3.3 SNP analysis for surveillance
The CLC, GATK and CSI workflows were also performed with the WGS data
set of all 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates to simulate the use
of SNP analysis for surveillance. S. Typhimurium LT2 was taken as reference
genome, since less SNPs were detected between the selection of 5 isolates and
LT2 than between the selection of 5 isolates and SL1344. Error correction
was not applied, since the comparison of workflows with and without error
correction did not show an improvement for the corrected reads.
A total of 2400, 1826 and 1063 of SNP positions in all 32 S. Typhimurium and
S. 1,4,[5],12:i:- isolates were detected with the CLC, GATK and CSI workflow,
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respectively. The final phylogenetic trees are shown in Figures 5.7, 5.8 and
5.9. Here we see that with the CLC workflow neither the 5 outbreak isolates
11-0596, 11-1163, 11-1164, 11-1165 and 11-1166, nor the 3 S. Typhimurium
isolated from 1 patient, i.e. S13BD00332, S13BD00591 and S13BD00844, are
clustered together. These latter 3 isolates clustered together with the GATK
workflow, but in this extended setting with 32 isolates, the GATK workflow
fails to cluster the 5 outbreak isolates. The CSI workflow does cluster correctly
both the 5 outbreak isolates and the 3 isolates from 1 patient.
Additionally, the isolates 11-1160 and 12-3444, which have the same MOL-PCR
profile (1.21×1018-2.58×1011-4199) and the same phage type (DT104), are
clustered with the CSI workflow. Moreover, in the cluster from isolate 12-1558
up to isolate 12-2203, which is a mixture of isolates with phage types DT120 and
DT193, the S. Typhimurium and S. 1,4,[5],12:i:- tend to be grouped together. It
was also observed that isolate 12-2460 was separated from isolates 12-2003 and
12-2203, although these 3 isolates have the same MOL-PCR profile (15-1-1),
the same phage type (DT120) and the same MLVA profile (3-12-10-NA-211).
Hence, SNP calling may provide additional discriminatory power.
To rule out the influence of the possible presence of Illumina paired end primers,
as was indicated during the quality check with FastQC, the GATK workflow was
repeated without isolates 11-0600, 11-1165 and 11-1166. This did not reduce
the total number of SNP positions in the 29 isolates and also did not improve
the clustering in the phylogenetic tree (Figure A.9).
In the CSI workflow, a strict filtering of the emitted SNPs is performed and also
pruning is applied to remove a SNP that has a position within 10 bp of another
SNP (Kaas et al. 2014). This pruning step was in an additional experiment
also applied to the SNPs emitted with the GATK workflow, so that the total
number of SNPs positions in all 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates
was reduced to 1694 positions. Nonetheless, this pruning did not improve the



































Figure 5.7: Phylogenetic tree of all 32 S. Typhimurium and S. 1,4,[5],12:i:-
isolates with uncorrected reads in the CLC workflow with reference genome
LT2. The labels are colour coded according to the phage type of the isolate,
and outbreak and out-group isolates are indicated in boldface.



































Figure 5.8: Phylogenetic tree of all 32 S. Typhimurium and S. 1,4,[5],12:i:-
isolates with uncorrected reads in the GATK workflow with reference genome
LT2. The labels are colour coded according to the phage type of the isolate,




































Figure 5.9: Phylogenetic tree of all 32 S. Typhimurium and S. 1,4,[5],12:i:-
isolates with uncorrected reads in the CSI workflow with reference genome LT2.
The labels are colour coded according to the phage type of the isolate, and
outbreak and out-group isolates are indicated in boldface.
5.3.4 Definition of a distinct subtype with SNP analysis
To explore the evolution of SNPs in Salmonella during infection of a human
host, which may be an important factor for the definition of a distinct subtype,
we took a closer look at the SNP analysis on 3 S. Typhimurium strains isolated
from the same patient at different time points. Both the GATK workflow and
the CSI workflow with LT2 as reference genome were able to cluster together
isolates S13BD00332, S13BD00591 and S13BD00844. The GATK workflow
resulted in a total of 518 SNP positions in all 3 isolates and put 179 to 209 SNPs
difference between the 3 isolates (Table 5.10a). The CSI workflow emitted a
total of 284 SNP positions in all 3 isolates and resulted in 6 to 12 SNPs between
the 3 isolates (Table 5.10b).
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Table 5.10a: Counts of SNPs between 3 S. Typhimurium strains isolated from
the same patient at different time points for the GATK workflow with LT2 as
reference genome.
Isolate S13BD00332 S13BD00591 S13BD00844 LT2
S13BD00332 0
S13BD00591 209 0
S13BD00844 208 179 0
LT2 335 434 389 0
Table 5.10b: Counts of SNPs between 3 S. Typhimurium strains isolated from
the same patient at different time points for the CSI workflow with LT2 as
reference genome.
Isolate S13BD00332 S13BD00591 S13BD00844 LT2
S13BD00332 0
S13BD00591 6 0
S13BD00844 6 12 0
LT2 306 306 304 0
5.3.5 Deduction of phenotypic data and link with historical
subtyping data
De novo assembly All 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates were de
novo assembled with CLC Genomics Workbench 8.0, so that the contigs could
be uploaded to the server of the Center for Genomic Epidemiology instead of the
raw reads, which was more time-efficient. The draft assemblies had an average
N50 of 180028 bp (range 25628 to 282662) with an average of 152 contigs (range
65 to 541) (Table A.15). The averages and ranges of the N50 and the contig
count were calculated without isolates 11-0600, 11-1165 and 11-1166, as these
had extreme high numbers of contigs with respect to all other isolates (2553,
5960 and 30836 respectively).
ResFinder The assembled contigs in multi-fasta format were uploaded to the
ResFinder tool on the server of the Center for Genomic Epidemiology. The
results are presented in Table 5.11 and correspond to the antibiotic resistance
phenotype of the isolates, except for aminoglycoside gene aac(6’)-Iy, which
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was partially present in almost all isolates, but no resistance phenotype to
kanamycin was observed.
PlasmidFinder The assembled contigs in multi-fasta format were uploaded to
the PlasmidFinder tool on the server of the Center for Genomic Epidemiology.
The results are presented in Table 5.12. In all isolates, except for isolate 12-2314,
one or more plasmid replicons were identified. The plasmid replicons FIB(S)
and FII(S), which were observed in isolates 11-1160 and 12-3444, were identified
on the same contig, which indicates that both replicons are located on the same
plasmid (Carattoli et al. 2014). This plasmid is also a virulence plasmid, as
spvRABCD genes are located on the plasmids associated with replicons FIB(S)
and FII(S) (accession numbers FN432031 and CP000858).
MLST server The assembled contigs in multi-fasta format were uploaded
to the MLST tool on the server of the Center for Genomic Epidemiology.
All isolates were assigned ST-34 with alleles aroC -10/dnaN -7/hemD-12/hisD-
9/purE-5/sucA-9/thrA-2, except for isolates 11-1160, 12-3444, S13BD003332,



































Table 5.11: ResFinder results of 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates. The percentage of identity is given for
the resistance genes that were detected.







strA strB aadA1 blaTEM-1B blaCARB-2 sul1 sul2 tet(B) dfrA1 dfrA14
Resistance K K S S S A A Su Su T Tmp Tmp Phenotypic
against Amc AMR
antibioticb
11-0596 99.54 - 100 100 - 100 - - 100 - - - ASSu
11-1163 99.54 - 100 100 - 100 - - 100 - - - ASSu
11-1164 99.54 - 100 100 - 100 - - 100 - - - ASSu
11-1165 99.54 - 100 100 - 100 - - 100 - - - ASSu
11-1166 99.54 99.85 100 100 - 100 - - 100 - - - ASSu
11-0600 99.54 - 100 100 100 100 - - 100 100 100 - ASSuSxt
TTmp
11-1160 99.54 - - - - - 100 100 - - - - AAmcSSu
S13BD00332 99.54 - - - - 100 - - - - - - A
S13BD00591 c - - - - 100 - - - - - - ND
S13BD00844 99.54 - - - - 100 - - - - - - ND
12-2003 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2203 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2460 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2455 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2599 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2730 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-1558 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2314 99.54 - - - - - - - - 100 - - T
12-2379 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3792 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3907 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3990 99.52 - 100 100 - d - - 100 100 - - ASSuT
12-0084 99.54 - 100 100 - 100 - - 100 100 - 99.79 ASSuSxt
TTmp
12-0161 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3663 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3558 99.36 - 100 100 - 100 - - 100 100 - - ASSuT
12-3582 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3583 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2984 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-2998 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3067 99.54 - 100 100 - 100 - - 100 100 - - ASSuT
12-3444 99.54 - - - - - 100 100 - - - - AAmcSu
a Resistance gene retrieved by ResFinder; b Only antibiotics which were phenotypically tested are given; c Gene aac(6’)-Iy was partially detected on 2 different contigs
when the ResFinder analysis was repeated with the parameter for minimum length of the resistance gene lowered to 40%; d Genes blaTEM-1A and blaTEM-1B were partially
detected on the same contig but seperated by 25 bp when the ResFinder analysis was repeated with the parameter for minimum length of the resistance gene lowered to 40%.
A: ampicillin; Amc: amoxicillin plus clavulanic acid; AMR: antimicrobial resistances; K: kanamycin; ND: not determined; S: streptomycin; Su: sulphonamides; Sxt:
trimethoprim plus sulfamethoxazole (combination of trimethoprim and sulphonamides); T: tetracycline; Tmp: trimethoprim.
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Table 5.12: PlasmidFinder results of 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates. The percentage of identity is
given for the replicons that were observed.
Accession number FN432031a CP000858a HE654726 AP005147 NC_009781 JN935898
Isolate FIB(S) FII(S) Q1 I1 Col156 X1
11-0596 - - 100 - - -
11-1163 - - 100 - - -
11-1164 - - 100 - - -
11-1165 - - 100 - - -
11-1166 - - 100 - - -
11-0600 - - 100 - - 98.94
11-1160 100 100 - - - -
S13BD00332 - - - - - 98.66
S13BD00591 - - - - - 98.66
S13BD00844 - - - - - 98.66
12-2003 - - 100 - - -
12-2203 - - 100 - - -
12-2460 - - 100 - - -
12-2455 - - 100 - - -
12-2599 - - 100 - - -
12-2730 - - 100 - - -
12-1558 - - 100 - - -
12-2314 - - - - - -
12-2379 - - 100 - - -
12-3792 - - 100 - - -
12-3907 - - 100 - -
12-3990 - - 100 - - -
12-0084 - - 100 - 96.71 -
12-0161 - - 100 - - -
12-3663 - - 100 - - -
12-3558 - - 100 - - -
12-3582 - - 100 - - -
12-3583 - - 100 - - -
12-2984 - - 100 - - -
12-2998 - - 100 - - -
12-3067 - - 100 - - -
12-3444 100 100 - - - -
a virulence plasmid.
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5.4 Discussion
In this study WGS data of 32 S. Typhimurium and S. 1,4,[5],12:i:-, including
isolates related to an outbreak and 3 S. Typhimurium isolated from the same
patient at different time points, were used to evaluate four discussion points
related to subtyping of pathogens by WGS for public health.
Regarding a SNP-based or gene-based workflow, only the SNP-based workflow
has been explored, as for Salmonella a whole genome MLST scheme with
accompanying database has not yet been established. Three different workflows
have been applied and it was observed that the CSI Phylogeny produced the
best phylogenetic tree, when taking the classical subtyping results into account.
This workflow makes use of severe SNP filtering and pruning, so that it was
also the workflow which emitted the least number of SNP positions in the set
of all 32 S. Typhimurium and S. 1,4,[5],12:i:- isolates. This approach will most
likely not report every SNP that may exist between different isolates, but for
routine surveillance this might not be necessary (Kaas et al. 2014). Nonetheless,
CSI Phylogeny has the disadvantage of being a black box application.
The study showed also that with SNP calling a higher discrimination can be
obtained than with classical subtyping methods, as isolates with the same
classical subtype were separated in the phylogenetic tree (e.g. Figure 5.9).
Therefore, WGS might be an appropriate alternative molecular subtyping
method. However, it was also clear that different workflows produce different
results. For comparing results between different laboratories, a standardised
SNP calling protocol may thus be necessary. More studies may also be needed
to develop the most robust protocol. In addition, for easy exchange of subtype
information between laboratories, the involved community should agree on a
nomenclature to be used. While a nomenclature is not straightforward for a
SNP-based approach that results in a phylogeny, a sequence type (ST) can
be unambiguously assigned when applying whole genome MLST. So from this
point of view, a gene-based workflow may be easier to implement. It will be
interesting to repeat all analyses with a standard protocol for SNP calling
and certainly to compare the results to those of whole genome MLST, when
a scheme and database will be available for Salmonella (under development,
BioNumerics, Applied Math).
A comparison was made between S. Typhimurium LT2 and S. Typhimurium
SL1344 as a reference genome. All 3 workflows confirmed that, based on SNP
counting, LT2 was more related to our set of S. Typhimurium and S. 1,4,[5],12:i:-
isolates than SL1344. For SNP calling, this would make LT2 the better candidate
to serve as reference genome, because if less SNPs are emitted by a SNP calling
workflow, one would also expect less false positive emitted SNPs. This issue
should be taken into account if one wants to standardise a SNP calling protocol:
Should the reference genome that is closest to the set of isolates under study
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be taken or is one reference genome assigned that should be used in all SNP
analyses? The reference genome, which inherently introduces a bias in the
analysis, could be abandoned by applying a reference-free SNP calling algorithm,
e.g. with an algorithm based on De Bruijn graphs, or by SNP calling based on
de novo assembly of the isolates under study (Leggett and MacLean 2014).
The false positive emitted SNPs could also be reduced by applying error
correction to the WGS reads. Error correction, however, did not had a clear
effect on the read mappings, but error correction with the Blue algorithm in
combination with the GATK workflow resulted in less SNPs between the 3
selected outbreak isolates and in more SNPs between the 3 outbreak isolates
and 1 out-group isolate. Nonetheless, the final maximum likelihood phylogeny
did not cluster the 3 outbreak isolates correctly together, as also less SNPs
were observed between the 3 outbreak isolates and the second out-group isolate.
Unfortunately, it was not possible within the time frame of this PhD to apply
the GATK and CSI workflow on debugged Brownie corrected data, but it would
certainly be interesting to run these analyses in the future, especially since the
CLC workflow seemed to be the least performing approach.
A comparison of uncorrected and Blue corrected reads showed that for 4 of the
5 isolates there were 2 to 13 SNPs that were only present in the uncorrected
reads, and as such may be false positive SNPs. The single isolate that did
not have SNPs only present in the uncorrected reads, had a mean coverage
depth of about 45, while the mean coverage depth of the other 4 isolates ranged
between 140 and 179. A high coverage depth may thus not always be beneficial.
Currently, numbers of 30 to 100 are circulating for required coverage depth
(European Food Safety Authority (EFSA) 2014) and this should be further
examined (e.g. by downsampling WGS data) when creating a quality standard
for WGS subtyping for public health.
Related to the definition of a distinct subtype based on SNP calling, most
reported WGS studies refer to outbreak and out-group isolates for making an
evaluation of how many SNPs difference there may be between two related
isolates. However, pathogens also evolve during infection of a human host, as
was observed by SNP analysis on 3 isolates from the same patient, but sampled
over a period of about 1.5 months. Depending on the workflow, there were
about 8 or 200 SNPs difference between these 3 isolates. Examination of the
accumulation of SNPs in these isolates can be used to investigate whether these
isolates were clones of a single strain, if the patient had a mixed infection or
if this is just related to sequencing errors. More studies on isolates from the
same patient, also sampled at the same time point, are required to estimate the
factor of mixed infections and the factor of evolution in the total variation that
may be present in an outbreak or in a background population. However, the
current isolation method for Salmonella from human samples is not adapted to
this kind of analysis, as it takes only one colony from a culture.
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For inference of the antibiotic resistance phenotype, the available ResFinder
tool was used to identify resistance genes in the de novo assembled contigs.
The detected resistance genes provided a good correlation with the phenotypic
resistance profile. Nevertheless, one resistance gene was partially found on
2 different contigs and in another isolate, partial blaTEM-1A and blaTEM-1B
genes were found on the same contig, but separated by several nucleotides,
which may be caused by assembly errors. At the other hand, a kanamycin
resistance gene was found in the WGS data, while no such resistance could be
phenotypically confirmed. These findings have to be taken into account when
phenotype and genotype data do not correspond. Possible virulence plasmids
were searched with the PlasmidFinder tool, as the VirulenceFinder tool is not
yet available for Salmonella (this would be an interesting extension for the
future). However, inference of the phenotype from WGS data will remain a
difficult issue, as the presence of a gene does not imply that this gene is also
expressed. Moreover, especially with respect to antibiotic resistance, not all
mechanisms, which include also mutations, are yet known and can thus not be
captured in a database. Extension of the current resistance genes databases
behind tools like ResFinder with such mutations is to be done in the future.
Linking historical molecular subtyping data is straightforward for classical MLST
and tools are already available for extracting the classical ST from WGS data.
The MLST tool showed that classical MLST based on 7 housekeeping genes does
not provide sufficient discrimination for S. Typhimurium and S. 1,4,[5],12:i:-, as
only 2 different STs were obtained for all 32 isolates. More difficult is MLVA,
which counts tandem repeats at a set of predefined loci, as these loci span more
than a single Illumina read. These repeat loci form most likely gaps in a de novo
assembly of short reads, as they are difficult to resolve. The long PacBio reads
may bring a solution, but at the moment PacBio sequencing is too expensive
(and its error rate is too high) for routine application in public health. PacBio
sequencing may also be more suitable for inference of PFGE patterns, but for
extracting a PFGE pattern from WGS data, a completely closed genome is
required, which is not likely the goal of WGS for pathogen subtyping. For
linkage of phage type with WGS data, it has been observed that isolates with
the same phage type tend to cluster together in phylogenetic trees (Ashton et al.
2015) and this was also observed in our study (Figure 5.9). For validation of
observations made related to linking historical subtyping data to WGS results,
more WGS data are needed on available collections of pathogens which were
characterised with these classical methods. However, one has to evaluate the
added value of holding on to historical subtypes of pathogens, sometimes based
on subjective methods like phage typing, while it may be necessary to develop
a completely new and universal nomenclature for WGS subtyping. This will be
indispensable for putting WGS into routine practice, where also the exchange
of information on subtypes of pathogens between laboratories is a prerequisite.
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Abstract
Introduction In April and May 2014, two suspected egg-related outbreaks of
Salmonella enterica subsp. enterica serovar Enteritidis (S. Enteritidis) were
investigated by the Belgian National Reference Laboratory of Foodborne
Outbreaks. Both the suspected food and human isolates being available, and
this for both outbreaks, made these the ideal case study for a retrospective whole
genome sequencing (WGS) analysis with the goal to investigate the feasibility of
this technology for outbreak investigation by a National Reference Laboratory
or National Reference Centre without thorough bioinformatics expertise.
Methods The two outbreaks were originally investigated epidemiologically
with a standard questionnaire and with serotyping, phage typing, multiple-
locus variable-number of tandem repeats analysis (MLVA) and antimicrobial
susceptibility testing as classical microbiological methods. Retrospectively,
WGS of six outbreak isolates was done on an Illumina HiSeq. Analysis of the
WGS data was performed with currently available, user-friendly software and
tools, namely CLC Genomics Workbench, the tools available on the server of the
Center for Genomic Epidemiology and BLAST Ring Image Generator (BRIG).
Results To all collected human and food outbreak isolates, classical microbi-
ological investigation assigned phage type PT4 (variant phage type PT4a for
one human isolate) and MLVA profile 3-10-5-4-1, both of which are common
for human isolates in Belgium. The WGS analysis confirmed the link between
food and human isolates for each of the outbreaks and clearly discriminated
between the two outbreaks occurring in a same time period, thereby suggesting
a non-common source of contamination. Also, an additional plasmid carrying an
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antibiotic resistance gene was discovered in the human isolate with the variant
phage type PT4a.
Discussion For the two investigated outbreaks occurring at geographically
separated locations, the gold standard classical microbiological subtyping
methods were not sufficiently discriminative to distinguish between or assign a
common origin of contamination for the two outbreaks, while WGS analysis
could do so. This case study demonstrated the added value of WGS for
outbreak investigations by confirming and/or discriminating food and human
isolates between and within outbreaks. It also proved the feasibility of WGS as
complementary or even future replacing (sub)typing method for the average
routine laboratory.
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6.1 Introduction
For 71% of the total number of outbreaks reported within the European Union
the causative agent is known. The most frequently reported causative agent
of foodborne outbreaks remains Salmonella, with Salmonella enterica subsp.
enterica serovar Enteritidis (S. Enteritidis) as predominant serovar. Egg and
egg-related products are still the most common source (60%) of S. Enteritidis
outbreaks in Europe (European Food Safety Authority (EFSA) and European
Centre for Disease Prevention and Control (ECDC) 2015); this despite the
implementation of the national control programme on reduction of Salmonella
in commercial laying hens, with obligatory vaccination for countries with high
incidence of Salmonella in laying hen flocks since 2008.
During outbreak investigations, in addition to collecting epidemiological
information through interrogation of the human cases, bacterial isolates collected
from food samples, leftovers and human cases (often via stool samples) are
being characterised by the National Reference Laboratories for Food (NRL)
and the Human Reference Centres (NRC) in order to find a common source
of contamination to be able to control the outbreak as soon as possible.
This allows to support a strong relatedness between the isolate from the
human case and that from the suspected food, which can have important
economic implications. It will also allow to identify other human cases linked
to the outbreak, i.e. which consumed the same contaminated food. This is
especially important for outbreaks with a dispersed geographical distribution
of human cases. Several methods, including molecular ones, can be used for
characterisation, or subtyping, of a pathogenic isolate. For S. Enteritidis, this
concerns for example phage typing, multi-locus sequence typing (MLST) and
multiple-locus variable-number of tandem repeats analysis (MLVA) (Wattiau
et al. 2011; Barco et al. 2013; Sabat et al. 2013). However, in addition to some
other disadvantages (Wattiau et al. 2011), the resolution of these methods is
not always sufficient to discriminate the outbreak isolates from the circulating
background strains, especially when it concerns isolates belonging to the most
frequently occurring subtypes.
Recently, whole genome sequencing (WGS) has been postulated as the universal,
ultimate resolution subtyping technique (Sabat et al. 2013; Dunn 2015; Gilchrist
et al. 2015). However, its data analysis requires appropriate tools, often involving
the necessary bioinformatics expertise which is not always present in the average
routine laboratory. In general, for bacterial WGS analysis, two workflows are
proposed in literature (European Food Safety Authority (EFSA) 2014), i.e. allele-
based (comparison of allelic variants) or single nucleotide polymorphism (SNP)-
based (SNP calling). For an allele-based WGS analysis, which is also called
gene-by-gene comparison or whole genome or core genome MLST (cgMLST),
depending on the number of genes included, a preferably international database
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with a MLST scheme and already known alleles is required so that a sequence
type (ST) can be assigned and isolates can be compared (Jolley et al. 2012).
Such internationally accepted scheme and database on a whole genome scale is
not yet available for all pathogens. For SNP-based WGS analysis, numerous
software packages are available, but most, if not all, of these have no graphical
interface and are run in a command-line environment, which is not feasible
for the average routine laboratory. Retrospective WGS analysis of identified
outbreaks may contribute to the development of adequate WGS data analysis
pipelines for future outbreak detection (Ashton et al. 2015).
Here we report on the retrospective WGS analysis of two S. Enteritidis outbreaks
that were taken as a case study to demonstrate the added value of WGS for
outbreak investigation and to evaluate its feasibility for an average NRL or NRC.
The two outbreaks were selected since for both the food and human isolates were
available. Additionally, it concerned two geographically separated outbreaks,
but occurring around the same time, of S. Enteritidis PT4 that were linked to
non-commercial eggs from privately kept laying hens which were used to prepare
desserts for social events. This would allow investigating the possibility of using
WGS to distinguish between and within outbreaks or to confirm a common
source of contamination. The WGS analysis was performed with user-friendly
software and tools to demonstrate the feasibility of characterisation of outbreaks
isolates by non-bioinformaticians, thereby facilitating its implementation in a
routine NRL.
6.2 Materials and methods
6.2.1 Epidemiological investigation
In Belgium, the Federal Agency for the Safety of the Food Chain (FASFC) is
responsible for sampling and investigation of food, while the Health Services of
the Belgian Communities collect human samples. Epidemiological information
such as age, symptoms, timeline and circumstances of the outbreaks were
gathered by local health inspectors and by inspectors of the FASFC using a
standard questionnaire. All collected information was transmitted to the Belgian
National Reference Laboratory of Foodborne Outbreaks (NRL-FBO). For each
of the two outbreaks, a case was defined as an individual who consumed a meal
at the respective social event and who suffered from diarrhoea.
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6.2.2 Microbiological investigation
The NRL-FBO received food samples, including leftovers, of both outbreaks
for detection of Salmonella, which was performed according to ISO 6579:2002
(ISO 2012). The Belgian National Reference Centre for Salmonella and Shigella
(NRCSS) received Salmonella isolates from human cases of both outbreaks.
Isolates of both outbreaks were serotyped (Grimont and Weill 2007) by the
NRCSS and phage typed by Public Health England. MLVA (Hopkins et al.
2011) was performed by the Belgian NRCSS.
The antimicrobial susceptibility of the Salmonella isolates was tested by deter-
mination of the minimal inhibitory concentration (MIC) of 14 antimicrobials
in a Sensititre MIC plate EUVSEC with read-out on a Sensititre Vizion
system. Following epidemiological cut-off values were applied: ampicillin 8 mg/l,
cefotaxime 0.5 mg/l, ceftazidime 2 mg/l, chloramphenicol 16 mg/l, ciprofloxacin
0.064 mg/l, colistin 2 mg/l, gentamicin 2 mg/l, meropenem 0.125 mg/l, nalidixic
acid 16 mg/l, tetracycline 8 mg/l, tigecycline 1 mg/l and trimethoprim 2
mg/l (European Commission 2013; European Committee on Antimicrobial
Susceptibility Testing (EUCAST) 2015b). Epidemiological cut-off values were
not available for azithromycin and sulphamethoxazole.
6.2.3 Whole genome sequencing
Genomic DNA of the outbreak isolates (Table 6.1) was extracted with the
Qiagen Genomic-tip 100/G kit. The samples were sequenced at the EMBL
GeneCore facility in 40-plex on a single lane of the Illumina HiSeq 2000 using
100 bp paired-end reads. FASTQ reads from all sequences were deposited at
the WIV-ISP - Salmonella BioProject at NCBI (PRJNA289069).
6.2.4 WGS data analysis
All analyses were performed on a Windows 7 platform.
In CLC Genomics Workbench 8.0 the raw FASTQ reads were first trimmed to
quality score limit 0.001 (Q30) with maximum 2 ambiguous nucleotides and
reads with length below 15 nucleotides were discarded. These trimmed reads
were then de novo assembled with automatic bubble and word size, in mapping
mode ‘map reads back to contigs’ with scaffolding and a minimum contig length
of 200 nucleotides.
On the server of the Center for Genomic Epidemiology (Technical University
of Denmark (DTU) 2015), the resulting contigs were uploaded to MLST 1.7
(Larsen et al. 2012) with Salmonella enterica as MLST scheme, ResFinder 2.1
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(Zankari et al. 2012) and PlasmidFinder 1.2 (Carattoli et al. 2014). ResFinder
was used to find all available antimicrobial resistance genes with minimum 98%
identity and minimum 60% of their length. In PlasmidFinder, the database of
Enterobacteriaceae was searched with an identity threshold of 95%. Additionally,
raw FASTQ reads were uploaded to the CSI Phylogeny 1.0a (Kaas et al.
2014) server on which the SNP calling was run with S. Enteritidis P125109
(NC_011294) as reference genome, default input parameters as described by
Kaas et al. (2014) and a minimum Z-score of 1.96. The downloaded Newick file
was used for visualisation of the phylogenetic tree in FigTree v1.4.2 (Rambaut
2014). The downloaded vcf (variant call format) files were used for investigation
of the position of the SNPs on the chromosome of S. Enteritidis P125109.
As PlasmidFinder results indicated that plasmids were present, trimmed reads
were mapped to S. Enteritidis P125109 (NC_011294) in CLC Genomics
Workbench 8.0 with default settings and unmapped reads were de novo
assembled as described above. The resulting contigs were blasted to plasmids
pSLA5 (NC_019002) and pSD107 (JX566770) and visualised as concentric rings
with BLAST Ring Image Generator (BRIG) (Alikhan et al. 2011).
6.3 Results
The first outbreak occurred in Flanders at a social event with about 220 guests
and where food was supplied by a catering service. The onset of the first
symptoms was on April 23rd 2014. The outbreak extended to 45 cases with
5 hospitalised individuals and was reported to the Flemish Agency for Care
and Health by pharmacists and general practitioners, who treated an unusually
high number of people for diarrhoea. Since people who only ate dessert at the
event also became ill, freshly prepared chocolate mousse and ice cream were
indicated as possible cause of the outbreak. Due to shortage of commercial eggs,
also non-commercial eggs from privately kept laying hens were used to prepare
the chocolate mousse. Two samples from white and brown chocolate mousse
were sent to the NRL-FBO and were tested positive for Salmonella. Raw eggs
from privately kept laying hens, collected on April 24th and 25th, were also
investigated, but these tested negative for Salmonella. The NRCSS received 11
Salmonella isolates from different human cases linked to this outbreak, which
were isolated from stool in clinical laboratories. Two of these isolates were
randomly selected for phage typing and WGS.
The second outbreak occurred in Wallonia on a social event which was attended
by about 300 people and where a barbecue meal was prepared by volunteers.
The onset of the first symptoms was on May 1st 2014. The number of cases
was estimated at 40 and some people were hospitalised, but no number is
available for the hospitalised cases. The hospital reported the outbreak to the
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Walloon-Brussels Health Inspection Service. The NRL-FBO received samples of
mascarpone cheese, bacon, sausages, pork ribs and raw eggs (which were stored
refrigerated). There were no left-overs of consumed tiramisu, which was prepared
with the sampled mascarpone cheese and the sampled non-commercial eggs from
privately kept laying hens. Chocolate mousse, prepared with commercial eggs,
was also consumed, but no leftovers were available. The raw eggs from privately
kept laying hens tested positive for Salmonella. One Salmonella isolate of a
human case, which was isolated from stool in a clinical laboratory, was sent to
the NRCSS.
All 15 outbreak isolates were serotyped as S. Enteritidis. Six collected food and
human isolates related to the outbreak in Flanders and Wallonia (Table 6.1)
were selected for sequencing and subtyping with available user-friendly software
and tools. All 6 selected isolates (Table 6.1) were phage typed as PT4, except
for isolate S14BD01672 which showed a PT4a phage type. MLVA resulted for
all isolates in profile 3-10-5-4-1 (SENTR4-SENTR5-SENTR6-SENTR7-SE3).
The de novo assemblies consisted of 271 contigs on average (range 35–480) with
an average N50 of 174624 (range 28773–405843). The MLST server (Larsen et al.
2012) typed all isolates as ST-11 (alleles: aroC -5/dnaN -2/hemD-3/hisD-7/purE-
6/sucA-6/thrA-11). No resistance genes were found by ResFinder (Zankari et al.
2012), with the exception of isolate S14BD01672, for which a perfect match to
blaTEM-1B (JF910132) was detected. These in silico results were phenotypically
confirmed by the antimicrobial susceptibility tests, as for all outbreak isolates
only a single resistance to colistin was observed, except for isolate S14BD01672
which had an additional resistance to ampicillin. As colistin resistance is often
linked to mutations (Blair et al. 2015), this will not be recognised by ResFinder,
which only identifies resistance genes.
Results of PlasmidFinder (Carattoli et al. 2014) pointed to the presence of
plasmid pSLA5 in all 6 outbreak isolates and additionally to pSD107 in isolate
S14BD01672. BRIG analyses are shown in Figures 6.1 and 6.2. Absence of
the region srgB-SELA5_RS23145-SELA5_p0022 on the pSLA5 plasmid of the
outbreak isolates is most likely an artefact, because this region is also present
on the chromosome of S. Enteritidis, so that reads mapping to this region on
the chromosome are absent in the de novo assemblies of unmapped reads used
for the BRIG analysis. This is also indicated by the coverage of this region in
the read mapping to S. Enteritidis P125109, which is about 2 to 4 times higher
than the average coverage of the read mapping to the chromosome of P125109.
The analysis with CSI Phylogeny (Kaas et al. 2014) showed that there was
a pairwise distance of 0 to 2 SNPs within the Flemish outbreak and more
specifically, no SNPs between the food isolates (S14FP01640 and S14FP01642),
2 SNPs between the human isolates (S14BD01605 and S14BD01672) and 1 SNP
between each of the food and each of the human isolates. Within the Walloon
outbreak, no SNPs were observed between the food (S14FP01877) and human
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Table 6.1: Overview of outbreak isolates selected for sequencing with the
microbiological investigation results.










Flanders S14BD01605 Human PT4 3-10-5-4-1 Colistin
Flanders S14BD01672 Human PT4a 3-10-5-4-1 Colistin -
ampicillin
Wallonia S14FP01877 Raw egg PT4 3-10-5-4-1 Colistin
(non-
commercial)
Wallonia S14BD01753 Human PT4 3-10-5-4-1 Colistin
MLVA: multiple-locus variable-number of tandem repeats analysis.
isolate (S14BD01753). Fifty-one to 53 SNPs were detected between the two
outbreaks, which were distributed around the chromosome of S. Enteritidis
P125109. Forty-five to 47 and 44 SNPs were observed between the reference
P125109 and outbreak isolates of, respectively Flanders and Wallonia. A
phylogenetic tree is presented in Figure 6.3, clearly linking the human and food
isolates within each outbreak and distinguishing between both outbreaks.
6.4 Discussion
S. Enteritidis remains linked to egg-related outbreaks, albeit in the described
outbreaks to non-commercial eggs from privately owned laying hens. In response
to two geographically separated outbreaks occurring in the same time period
in Belgium, the NRL-FBO received food samples from which Salmonella was
isolated and the NRCSS received Salmonella isolates from human cases of
these outbreaks. With the traditional epidemiological and microbiological
investigations, i.e. phage typing and MLVA, the isolates of both outbreaks
were classified as PT4 and variant PT4a, and as profile 3-10-5-4-1. Phage type
PT4 and MLVA profile 3-10-5-4-1 are frequently observed for human isolates
in Belgium. Therefore, the gold standard subtyping methods might not have
138 WHOLE GENOME SEQUENCE ANALYSIS OF SALMONELLA ENTERITIDIS PT4 OUTBREAKS
FROM A NATIONAL REFERENCE LABORATORY’S VIEWPOINT
Figure 6.1: De novo assemblies of reads of the outbreak isolates that did not
map to S. Enteritidis P125109 are shown as concentric rings with plasmid pSLA5
as reference on the inner black circle. Absence of colour in a ring indicates
absence of the region. Isolates of the outbreak in Flanders are represented by a
blue colour, those of the Walloon outbreak by a purple colour.
been sufficiently discriminative to establish or exclude a common source of
contamination for both outbreaks, which now could only be distinguished by
their separate geographical location. However, there could still be a common
origin, e.g. a common breeding flock of the laying hens bought by the private
persons.
As WGS has been postulated as a universal subtyping method with ultimate
resolution, the two outbreaks were retrospectively examined with WGS.
Moreover, they were a good case study to investigate the feasibility of using
WGS for outbreak investigation by a National Reference Laboratory, as both
human and food isolates were available. An additional aspect that was evaluated
in this study concerns the WGS data analysis tools, i.e. to see whether these
are not restricted to expert bioinformaticians which are often not available in
an average routine laboratory.
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Figure 6.2: The de novo assembly of S. Enteritidis P125109 unmapped reads
of outbreak isolate S14BD01672 is shown as a concentric ring with plasmid
pSD107 as reference on the inner black circle. Absence of colour in the ring
indicates absence of the region.
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Figure 6.3: Radial phylogenetic tree of the 6 outbreak isolates with S. Enteritidis
P125109 as reference. Isolates of the outbreak in Flanders are represented by a
blue colour, those of the Walloon outbreak by a purple colour.
Therefore, the WGS data were analysed with user-friendly, albeit commercial,
software (CLC Genomics Workbench) and the tools publicly available on the
server of the Center for Genomic Epidemiology (Technical University of Denmark
(DTU) 2015), which not only allows for SNP analysis (Kaas et al. 2014), but
also, amongst others, to explore the resistome (ResFinder (Zankari et al. 2012)),
to search for plasmids (PlasmidFinder (Carattoli et al. 2014)) and to assign
a classical MLST (Larsen et al. 2012) sequence type based on 7 housekeeping
genes. As mentioned above, an internationally accepted scheme and database
on a whole genome scale for the allele-based data analysis workflow is not yet
available for Salmonella, although commercially driven development efforts are
ongoing, so that this type of analysis could not be performed in this study.
Once the cgMLST for S. Enteritidis will be available, it would be interesting
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to reanalyse our dataset and to compare the results to those obtained with
the SNP-based analysis. This will allow evaluating the impact of the selected
type of data analysis workflow on the efficiency and accuracy of the outbreak
investigation.
Similar to the traditional outbreak investigations, SNP analysis of the WGS
data confirmed the association of food and human isolates in both outbreaks
thereby proving the link between the contaminated eggs and the human cases
who consumed these eggs. Moreover, and this in contrast to the gold standard
subtyping methods, the SNP analysis was sufficiently discriminative to reveal
a clear difference between the two outbreaks, i.e. the food isolates of the two
outbreaks were not closely related. This clearly illustrates the utility of WGS
and SNP analysis for a first indication of the source in the investigation of
outbreaks. In our study, we observed about 52 SNPs difference between the two
outbreaks, while only 0 to 2 SNPs difference within each outbreak. However, as
previously suggested by Ashton et al. (2015), it is difficult, if not impossible to
set a single diversity threshold within a certain Salmonella outbreak, as it would
depend on the size of the population that caused the outbreak, and hence it
depends on the size of the facilities at the origin of the outbreak. As no sampling
was done at the original sources of the outbreaks, namely the laying hens and
their environment, or even at the distributor of these laying hens, the genetic
diversity of the source population in the outbreaks described in this study
could not be investigated. This sampling at the source, and an epidemiological
investigation of this source, may be important for future outbreak investigations
with WGS as the diversity of the source population may give an indication of
the expected genetic diversity within outbreak isolates (Ashton et al. 2015).
As such, more studies are still needed to contribute to the validation of SNP
detection pipelines for this purpose.
The described analysis also shows that examination of mobile elements as
plasmids can be useful for fine-tuning the results of a SNP analysis. One human
outbreak isolate had a deviating phage type PT4a, which may be explained by
presence of an additional plasmid carrying an antibiotic resistance gene (E. de
Pinna, personal communication). Indeed, this mobile element also harbours a
blaTEM gene, which explains the ampicillin resistance observed phenotypically
only in this isolate. As this mobile element was found in a human isolate, a
possible hypothesis is that it might have been acquired during the foodborne
infection. This could be further studied by analysis of multiple isolates from
the same human case, which would also be interesting to examine the possible
microevolution of a strain within a host.
The complete WGS analysis in this case study was performed on a Windows
platform with currently available user-friendly software and tools which proves
that WGS data analysis is not strictly restricted to bioinformaticians. As
the use of WGS for characterisation of pathogens will only increase in the
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future, studies like these that are creating benchmarking datasets, may lead,
in collaboration with hard core bioinformaticians, to the further development
of user-friendly pipelines. This would imply that routine laboratories will no
longer be solely dependent on bioinformaticians for WGS analyses and that
WGS could be applied in real-time for diagnosis and outbreak investigations, if
the infrastructure to generate the data in a short period of time is accessible to
the routine laboratory.
This case study clearly demonstrated the added value of WGS as a
complementary subtyping method during outbreak investigation, for isolates
belonging to common circulating subtypes. The fact that the data analysis
was done with user-friendly tools illustrates the feasibility of this technology
for an average Reference Laboratory or Centre where bioinformatics expertise
might be scarce. With the decreasing sequencing costs, WGS might become
a replacing subtyping method, also in these environments. In this context,
implementation of WGS in the average Reference Laboratories and Centres
as routine characterisation method for Salmonella and other pathogens for
surveillance and outbreak detection and investigation will benefit of sequencing
of more outbreak and background isolates to create a database of circulating
strains so that the diversity in the background population can be estimated
and new outbreak isolates can be better discriminated. As outbreaks are not
stopped by country borders, a European and/or international collaboration to
set up such real-time WGS database would certainly be invaluable for future
Salmonella outbreak detection and investigation.
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Subtyping or characterisation of pathogens below the subspecies or serovar
level, is essential for routine surveillance, outbreak detection and outbreak
investigation. One of such important pathogens is Salmonella, which was taken
as a case study in this PhD research. The classical subtyping methods for
Salmonella, of which phage typing, multiple-locus variable-number of tandem
repeats analysis (MLVA) and pulsed-field gel electrophoresis (PFGE) are the
most important, all have their intrinsic drawbacks. In the first and main part
of this PhD an alternative, molecular method was developed for subtyping of
Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium), a
major cause of foodborne infections. Therefore, the multiplex oligonucleotide
ligation-PCR (MOL-PCR) technique with read-out on a Luminex device was
applied. The second part of this PhD focussed on the ultimate universal
subtyping of pathogens with whole genome sequencing (WGS), which emerged
and gained attention by public health institutes during the course of this PhD.
During the analysis of available S. Typhimurium subtyping data of the Belgian
National Reference Centre for Salmonella and Shigella (chapter 2), a solution
was provided for interpretation of the numerous distinct MLVA profiles that were
generated, so that relevant information for routine surveillance and outbreak
detection and investigation could be extracted. This was necessary, as MLVA
became a gold standard subtyping method for bacterial pathogens in Europe.
By a serial passage experiment, the high number of different MLVA profiles
was explained by the instability of 3 of the 5 loci used in the MLVA scheme of
S. Typhimurium. Later, these findings were confirmed by independent in vitro
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and in vivo experiments of Dimovski et al. (2014), who concluded that a cluster
algorithm for outbreak investigations should allow inclusion of isolates with
variations in one of the 3 unstable loci into the same cluster. This highlighted
the need for an alternative molecular subtyping method. A comparison of
different possible multiplex assay techniques showed that MOL-PCR was the
most suitable assay technique for a multiplex molecular subtyping method
intended to be used in public health laboratories.
Although the Luminex technology is already used in different research institutes,
this is not the case for public health institutes. This PhD work, including the
development of a novel MOL-PCR assay for subtyping of S. Typhimurium and its
monophasic variant S. 1,4,[5],12:i:-, allowed to introduce the Luminex technology
in the Scientific Institute of Public Health (WIV-ISP) in Belgium. This
technology allows multiplexing with high-throughput microsphere suspension
arrays and has a broad range of genomic and proteomic applications. As Luminex
assays provide a time- and cost-effective alternative for many singleplex assays,
this technology is now also applied in other ongoing research projects within
the WIV-ISP. As such, Luminex assays are being developed (or are already
being used) for characterisation of shiga toxin-producing Escherichia coli, for
profiling of indoor airborne fungi, for identification of viruses in human samples,
for examining antibiotic resistance genes and mutations in bacteria and for
detection of genetically modified organisms in the food and feed chain. Also
commercial Luminex assay kits such as those for measuring human cytokine
levels have found their way into the WIV-ISP. As such, this PhD gave access to
many new technological research applications of Luminex in public health.
When searching the literature on the MOL-PCR assay, not many papers were
retrieved that described the impact of changing several parameters in the
assay. Therefore, the findings from the optimisation of the MOL-PCR assay for
subtyping of S. Typhimurium and S. 1,4,[5],12:i:- were collected in a manuscript
(chapter 3), as these may guide other scientists in the development of their own
MOL-PCR assay. This optimisation study indicated that the parameters that
have a major influence on the MOL-PCR performance are the DNA isolation,
the probe concentration, the amount of microspheres and the concentration of
reporter dye.
The complete MOL-PCR assay (chapter 4) consisted of 52 molecular markers,
including prophage genes, amplified fragment length polymorphism (AFLP)
elements, Salmonella genomic island 1 (SGI1), allantoinase gene allB, MLVA
locus STTR10, antibiotic resistance genes, single nucleotide polymorphisms
(SNPs) and phase 2 flagellar gene fljB. The MOL-PCR assay showed to have
a discriminatory power similar to that of phage typing, thereby reaching the
initial goal set. The latter phenotyping method is now no longer being used in
the National Reference Centre for Salmonella and Shigella. With the developed
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assay, the time needed to get from a single colony to a MOL-PCR profile is
less than 8 hours, which makes the assay suitable for outbreak investigations.
Moreover, the data analysis with an R application allows for an objective
interpretation of the results. Another significant aspect for a routine subtyping
method is the cost. The cost of reagents and consumables for typing 1 isolate is
less than 10 euro and the cost of a Luminex MAGPIX instrument is comparable
to that of two PCR machines, which is affordable for most public health
laboratories. The MOL-PCR assay was also tested on a non-Belgian collection
of 89 S. Typhimurium isolates, which resulted in 35 distinct MOL-PCR profiles,
of which 7 were already observed in Belgian isolates (preliminary data of an
ongoing collaboration with S. Le Hello, Pasteur Institute, France). This gave
a Simpson’s index of diversity of 0.925 for the collection of 89 isolates, which
illustrates that Simpson’s index of diversity is heavily dependent on the test
population. A more objective metric for interpretation of the discriminatory
power of a subtyping method may thus be required, especially in view of
implementation of WGS as subtyping standard. This study also illustrates that
the application of the developed MOL-PCR assay, which is based on assigning a
profile to an isolate, is not limited to Belgian S. Typhimurium and S. 1,4,[5],12:i:-
isolates. Interlaboratory studies still have to be done. Nonetheless, during this
part of the PhD, the foundations have been laid for a validation dossier for
demanding accreditation of the method under ISO 17025 or ISO 15189 norms.
Introduction of the novel MOL-PCR assay in other laboratories will however be
a difficult exercise, since nowadays WGS attracts all the attention. Nonetheless,
WGS for subtyping of pathogens is not yet within the reach of all European
laboratories. It may also not be necessary to use WGS on all pathogenic isolates
that are sent to a National Reference Centre for characterisation. In this case,
the novel MOL-PCR assay may provide a relatively inexpensive and rapid,
when compared to WGS, alternative subtyping method for S. Typhimurium
and S. 1,4,[5],12:i:-. If an isolate is assigned a same MOL-PCR profile as those
of the circulating background population, further analyses may be needed for
additional discrimation. Hereto, PFGE was applied during the PhD, but in the
future, such further analyses could also be done by WGS, as explored in the
second part of this PhD.
Indeed, a selection of S. Typhimurium, S. 1,4,[5],12:i:- and S. Enteritidis isolates
from the collection of the National Reference Centre for Salmonella and Shigella
were sequenced at the EMBL GeneCore facility. This process pointed already
to a practical issue for WGS as a subtyping technique for public health, since
the long turn-around time of about 6 to 8 weeks for outsourcing of NGS is not
always acceptable in a routine setting. Commercial NGS facilities also offer
quicker turn-around times, often with less service provided, but at a substantial
higher cost. A solution would be that public health institutes invest in an
in-house sequencing facility, so that turn-around times and costs can be reduced.
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Nonetheless, such an investment does not only include the sequencing and
computing equipment, it involves also the know-how for producing WGS data
of acceptable quality. In addition, a reduction of the sequencing cost can only
be obtained when enough isolates are present, so that samples can be pooled
in one run. For cost-effectiveness, the throughput should also be high enough
to let the sequencing platform run at its maximum capacity, so that general
maintenance costs can be spread over more samples. Such a cost-effectiveness
may not always be feasible in a public health setting, because in case of a
crisis, it may be needed to urgently sequence one or a few isolates, which would
be expensive. In this respect, it may be beneficial for a Reference Centre to
implement WGS for all pathogenic isolates in routine surveillance. However, at
this moment pathogenic subtyping by WGS for routine surveillance is still too
expensive for many National Reference Centres. Additionally, bioinformatics
knowledge, substantial computing power and considerable data storage are
not standard equipment for an average Reference Centre. Furthermore, as no
international standard protocol is available, WGS for public health is still in
an exploration phase and concentrated in a few big public health centres (e.g.
UK, Denmark and FDA). Nevertheless, user-friendly, i.e. with a graphical user
interface, software packages and web-based tools for WGS data analysis already
exist, so that also non-bioinformaticians can run a WGS analysis. Many of
these available user-friendly software packages and tools are however black box
applications, which do not allow the user to intervene in the analysis, with the
exception of some parameter values. Such tools can thus not be readily adapted
for a special analysis.
The studies on S. Typhimurium and S. 1,4,[5],12:i:- isolates in chapter 5 and on
S. Enteritidis isolates in chapter 6 show that the available software and tools
allow now for improved outbreak investigations by WGS, which then mostly
relies on SNP analysis. The phylogenetic tree that is obtained with a SNP
workflow, which has to be recalculated each time a new isolate is added, may not
be suitable for routine surveillance, as it is difficult to translate a phylogenetic
tree into epidemiologically relevant information, such as a named subtype for
interlaboratory comparison of results. In this respect, routine surveillance
might benefit more from a WGS data analysis which is based on gene-by-gene
comparison, such as whole genome multilocus sequence typing (MLST), so that
a sequence type can be assigned to an isolate. Based on this sequence type,
the isolate could then be added to the corresponding branch of an ‘evergreen’
tree which should never be recalculated. However, this should be evaluated in
the future by re-analysing WGS data that are currently being analysed with a
SNP-based approach, so that the results and their epidemiological interpretation
can be compared between the two approaches.
The decision of which WGS data analysis workflow is more suitable for outbreak
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investigations or for routine surveillance is essentially an evaluation of the
required resolution, or discriminatory power, for each research question. As
some pathogens are more clonal than others, this required resolution, and its
corresponding WGS data analysis workflow, may be species-dependent. SNP
calling based on read mapping has always a bias of the reference genome. In
addition, which reference genome is most suitable, if there is one available?
Moreover, quality filtering and pruning have a significant effect on the resolution
of SNP calling and on the produced phylogenetic tree, as was seen in chapter 5.
The bias of a reference genome can be avoided with reference-free SNP detection,
a field that is under research (Leggett and MacLean 2014), but also with de novo
assembly, which is required for whole genome MLST. The discriminatory power
of whole genome MLST can be adapted by including more or less genes in the
MLST scheme, so that e.g. only the core genome, the accessory genome or the
complete pan-genome is taken into account. De novo assembly of WGS reads
could also allow to detect other sequence variants, such as rearrangements, in
order to improve the resolution of WGS data. This would e.g. be interesting for
isolates originating from the same patient over time, but may require sequencing
with other platforms than Illumina to get longer reads (e.g. PacBio).
WGS data may also provide the opportunity to strengthen the discriminatory
power of the developed MOL-PCR assay. E.g. S. Typhimurium and
S. 1,4,[5],12:i:- isolates of phage types DT120 and DT193 were often assigned
the same MOL-PCR profile and isolates with these phage types tend to cluster
together in phylogenetic trees resulting from SNP-based WGS data analysis. For
these phage types, it would thus be interesting to search for new discriminating
molecular markers and to validate them for use in the MOL-PCR assay.
It is clear that research is still needed on WGS as subtyping technique for public
health and for such research, a great time is coming. More and more sequencing
data of clinical pathogenic isolates are uploaded to public databases. The NCBI
BioProject PRJNA248792 of Public Health England currently holds the WGS
reads of more than 8000 Salmonella isolates and through the FDA GenomeTrakr
Network (U.S. Food and Drug Administration (FDA) 2015b), sequencing data
of more than 12000 Salmonella isolates and more than 3000 Listeria isolates
are available on NCBI. However, is this the way to go? WGS data have to be
publicly available, but some metadata should be coupled to them. As metadata
may be too confidential, databases like NCBI may not be suitable for this
purpose. In addition, there is often a delay between deposit and availability of
WGS data in NCBI-like databases, whereas in outbreak situations these data
have to be available in real-time. This real-time availability is indispensable
for finding rapidly a relatedness between clinical, food and environmental
pathogenic isolates.
In this PhD we have only explored WGS for subtyping of Salmonella. However,
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this should be broadened to other pathogens as well, which is a PhD project
in itself. Projects like these, which are a collaboration between a public
health institute and a university, are an ideal setting to exchange applied
and fundamental knowledge. Additionally, it allows to apply the developed
methods on clinically relevant isolates, which are available in the valuable
collections of public health institutes.
To conclude, the aim of this PhD was to develop a molecular alternative for
classical microbiological subtyping methods. More specifically, an alternative
for the subjective Salmonella phage typing method was set as target. To this
end, solutions were provided at several levels. Firstly, an analysis method was
presented for MLVA, which is currently the gold standard for subtyping of
Salmonella in Europe, and insight was gained into the instability of MLVA loci
of S. Typhimurium. Secondly, a MOL-PCR assay was developed for subtyping
of S. Typhimurium and S. 1,4,[5],12:i:-, which had the same discriminatory
power as phage typing. Lastly, WGS, the ultimate universal subtyping method,
was explored for routine surveillance and a proof of concept was delivered for
outbreak investigations. While different issues still have to be resolved for the
implementation of WGS in surveillance, WGS already has an added value for
outbreak investigations. Besides confirmation of the source of an outbreak, SNP
analysis of WGS data can discriminate between isolates related to different
outbreaks and also between food isolates to determine the correct source of
the contamination. As such, WGS can currently be used to complement
existing subtyping methods, like MOL-PCR, for surveillance and outbreak
investigations, e.g. if an isolate has to be discriminated from the circulating
background population. In the future, WGS may replace all existing subtyping











Figure A.1: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue
corrected reads in the CLC workflow with reference genome LT2.
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Figure A.2: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue







Figure A.3: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with







Figure A.4: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-
1164 (blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with








Figure A.5: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue







Figure A.6: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue
corrected reads in the GATK workflow with reference genome SL1344.








Figure A.7: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue








Figure A.8: Phylogenetic tree of outbreak isolates 11-0596, 11-1163 and 11-1164
(blue), and out-group isolates 11-0600 (dark grey) and 11-1160 (red) with Blue
































Figure A.9: Phylogenetic tree of 29 S. Typhimurium and S. 1,4,[5],12:i:- isolates
with uncorrected reads in the GATK workflow with reference genome LT2.
Isolates 11-0600, 11-1165 and 11-1166 were excluded from the SNP analysis.
The labels are colour coded according to the phage type of the isolate, and
outbreak and out-group isolates are indicated in boldface.


































Figure A.10: Phylogenetic tree of all 32 S. Typhimurium and S. 1,4,[5],12:i:-
isolates with uncorrected reads in the GATK workflow with reference genome
LT2 and with additional pruning of SNPs within 10 bp of each other. The
labels are colour coded according to the phage type of the isolate, and outbreak
and out-group isolates are indicated in boldface.
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A.2 Supplementary tables
Table A.1: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the CLC workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 164 0
11-1164 164 124 0
11-0600 236 190 176 0
11-1160 947 929 973 957 0
LT2 549 565 685 671 830 0
Table A.2: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the CLC workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 167 0
11-1164 177 122 0
11-0600 252 179 169 0
11-1160 953 932 986 961 0
LT2 553 582 698 677 830 0
Table A.3: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the CLC workflow with Brownie corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 208 0
11-1164 223 125 0
11-0600 335 231 240 0
11-1160 996 928 969 987 0
LT2 595 567 682 702 833 0
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Table A.4: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the CLC workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 522 0
11-1164 392 384 0
11-0600 562 473 410 0
11-1160 1224 1222 1210 1316 0
SL1344 1095 1033 1411 1280 1430 0
Table A.5: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the CLC workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 548 0
11-1164 439 357 0
11-0600 589 468 410 0
11-1160 1253 1291 1238 1370 0
SL1344 1104 1086 1435 1306 1458 0
Table A.6: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the CLC workflow with Brownie corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 582 0
11-1164 467 381 0
11-0600 683 519 490 0
11-1160 1293 1219 1208 1346 0
SL1344 1134 1036 1409 1311 1430 0
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Table A.7: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the GATK workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 189 0
11-1164 232 171 0
11-0600 318 267 302 0
11-1160 741 724 751 699 0
LT2 536 585 578 500 611 0
Table A.8: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the GATK workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 117 0
11-1164 111 54 0
11-0600 232 165 175 0
11-1160 889 866 888 919 0
LT2 599 638 668 661 796 0
Table A.9: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the GATK workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 405 0
11-1164 437 362 0
11-0600 572 467 573 0
11-1160 1082 1023 1055 1052 0
SL1344 997 1076 1170 913 1115 0
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Table A.10: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the GATK workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 298 0
11-1164 270 184 0
11-0600 417 293 369 0
11-1160 1190 1138 1156 1239 0
SL1344 1081 1161 1317 1138 1359 0
Table A.11: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the CSI workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 8 0
11-1164 2 6 0
11-0600 53 55 51 0
11-1160 595 593 593 592 0
LT2 393 389 393 390 506 0
Table A.12: Counts of SNPs between isolates and between isolates and reference
genome LT2 for the CSI workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 LT2
11-0596 0
11-1163 8 0
11-1164 3 5 0
11-0600 52 54 49 0
11-1160 603 604 601 600 0
LT2 392 394 391 390 514 0
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Table A.13: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the CSI workflow with uncorrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 11 0
11-1164 4 11 0
11-0600 80 85 80 0
11-1160 612 611 612 634 0
SL1344 621 614 619 635 725 0
Table A.14: Counts of SNPs between isolates and between isolates and reference
genome SL1344 for the CSI workflow with Blue corrected reads.
Isolate 11-0596 11-1163 11-1164 11-0600 11-1160 SL1344
11-0596 0
11-1163 7 0
11-1164 3 4 0
11-0600 75 76 72 0
11-1160 620 620 618 640 0
SL1344 619 618 616 632 738 0
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Table A.15: Metrics of de novo assembly of 32 S. Typhimurium and
S. 1,4,[5],12:i:- isolates with CLC Genomics Workbench.
Isolate Number of contigs N50 Total number of bases
11-0596 178 73993 4864778
11-1163 85 191828 4866913
11-1164 110 270252 4886320
11-1165 5960 108060 7002418
11-1166 30836 712 20765882
11-0600 2553 149463 5834905
11-1160 259 178471 5030475
S13BD00332 541 50911 4974356
S13BD00591 100 132639 4881450
S13BD00844 153 90686 4875817
12-2003 65 282662 4887137
12-2203 221 64263 4879998
12-2460 197 274692 4980141
12-2455 68 275867 4924384
12-2599 67 275287 4932740
12-2730 80 275053 4898886
12-1558 192 75544 4920258
12-2314 86 193547 4933059
12-2379 90 222811 4929363
12-3792 67 270379 4909689
12-3907 84 275281 4918736
12-3990 536 25628 4863328
12-0084 133 191662 4955497
12-0161 101 174514 4916251
12-3663 149 187516 4938281
12-3558 176 97308 4907832
12-3582 91 222811 4928898
12-3583 121 105445 4924831
12-2984 83 282662 4935670
12-2998 140 102709 4916756
12-3067 74 282569 4928020
12-3444 175 73816 4942552
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